



FLOW-ASSISTED EROSION-CORROSION OF STEELS IN PULPING 



























In Partial Fulfillment  
Of the Requirements for the Degree 
Doctor of Philosophy in  

















FLOW-ASSISTED EROSION-CORROSION OF STEELS IN PULPING 








Approved by:  
 
Dr. Preet M. Singh, Advisor 
School of Materials Science and 
Engineering 
Georgia Institute of Technology 
 
Dr. Hamid Garmestani 
School of Materials Science and 
Engineering 
Georgia Institute of Technology 
 
Dr. Faisal M. Alamgir 
School of Materials Science and 
Engineering 
Georgia Institute of Technology 
 
Dr. Arun M. Gokhale 
School of Materials Science and 
Engineering 
Georgia Institute of Technology 
 
Dr. Victor Breedveld 
School of Chemical and Biomolecular 
Engineering 
Georgia Institute of Technology 
 





I would like to thank Dr. Preet Singh for his guidance and patience. I also thank 
Jamshad Mahmood and Dr. Steven Lien for laboratory support, and my colleagues 
from our research group, in particular KkochNim Oh, Won Tae Choi, Yushu Wang, 
Liang He, Kevin Chan and Kasey Hanson for various support tasks ranging from 
teaching me new techniques to stopping my experiments when I had to be away. 
I would also like to recognize my parents, who raised me with loving care and 
allowed me to pursue my choices without unreasonable restrictions, standing by 
my decisions even when they did not agree, and my wife, whose support has been 
invaluable and whose arrival transformed my efforts and studies overnight. 
Finally, I would like to thank the Renewable Bioproducts Institute (the former 
Institute of Paper Science and Technology) for the Paper Science and Engineering 
Fellowship and the Jewell Family for the scholarship I received during my studies. 
I would also recognize and thank Dr. Norman Marsolan and Dr. Naresh Thadhani 







TABLE OF CONTENTS 
 
Acknowledgments         i 
List of Tables         iv 
List of Figures         vi 
List of Symbols         xv 
Summary          xvii 
1. Literature Survey         1 
2. Problem Statement        18 
3. Hypothesis         21 
4. General Experimental Information      22 
5. Characterization of White Liquor and Flow Regimes   28 
6. Temperature Effects on the Erosion-Corrosion of Steels   46 
7. Role of Surface Roughness and Repassivation Kinetics in Erosion-Corrosion 
           81 
8. Role of Suspended Hard Particles in Erosion-Corrosion of Steels  98 
9. Development of Viscosity Control with Additives for Erosion-Corrosion Studies 
           112 
10. Effect of Viscosity on Erosion-Corrosion – Long Term Tests  131 
iii 
 
11. The Role of Mass Transport in the Fluid in Erosion-Corrosion  156 
12. Determining Wall Shear Stress and Its Effects on Erosion-Corrosion 174 
13. Modeling of Erosion-Corrosion by Machine Learning   191  
14. Conclusions         207 
15. Future Work         213 
Appendix A – Additional Profilometric Data in Erosion-Corrosion tests 215 
Appendix B - Matlab Code for Predictive Model     235 
Appendix C – Selected EDS Data       237 











LIST OF TABLES 
 
 
Table 1.2.1: The relationship between pipe flow speed and linear velocity at the 
electrode surface (pipe flow equivalent according to Silverman, 2004 and 2005 12, 
14)           11 
Table 4.1: Compositions of Steels Studied     26 
Table 5.3.1: Descriptions of surface conditions pertaining to different flow 
regimes          34 
Table 5.3.2: Corresponding flow variables for various rotational speeds in RCE 
geometry, calculated by Equation 5.2      35 
Table 6.2.1: The relationship between pipe flow speed and linear velocity at the 
electrode surface (pipe flow equivalent according to Silverman, 2004 and 2005 12, 
14) (Reordered)         50 
Table 6.2.2: Composition of steels used for study of temperature effects on 
erosion-corrosion         53 
Table 9.3.1: Individual values of dynamic and kinematic viscosity for different 
agar contents in white liquor; each density value was measured by comparing 5 
mL of solution to DI water (1 g/cm3) and each viscosity value is an average of five 
measurements         121 
Table 10.2.1: Nominal Composition of Tested Materials   138 
Table 10.3.1: EDS scan results, average over 8 spectra for each damaged and 
undamaged regions as seen on electron image     153 
Table 11.3.1: Calculated diffusivities for each temperature and agar content 
           165 
Table 11.3.2. Calculated Reynolds numbers with respect to rpm and temperature 
for the erosion-corrosion test geometry, without agar addition  166 
Table 11.3.3. Schmidt numbers for the different temperatures  166 
v 
 
Table 13.2.1: Corrosion classification scheme, modified for machine learning 
labels           196 
Table 13.3.1: Effect of cross validation number and testing/training set size on 
accuracy percentage of SVM model      199 
Table 13.3.2: Randomly selected tests that were removed in batches of 5 and 
evaluated with a 30-parameter SVM model trained by the remaining data 201 
Table 13.3.3: Randomly selected tests that were removed in batches of 5 and 
evaluated with a 24-parameter SVM model trained by the remaining data 202 
Table 13.3.4: Breakdown of results for each run with the 30-parameter, fully-
independent dataset          203-204 
Table 13.3.5: Breakdown of results for each run with the 31-parameter dataset, 













LIST OF FIGURES 
 
Figure 1.2.1: Variation of critical Taylor number with the radial ratio in the Taylor-
Couette flow of a Newtonian fluid (Coronado-Matutti, Souza Mendes & Carvalho, 
2007)18          12 
Figure 1.2.2: The velocity profile for potential flow at 5000 rpm for the tested RCE 
geometry (l=1 in, r=1/8 in), based on 15      13                        
Figure 1.2.3: Erosion corrosion mechanism maps for a) Mild Steel and b) 304 SS 
generated by Stack and Wang (1999)28      17 
Figure 4.1. Rotating Cylinder Electrode (RCE) setup    24 
Figure 5.3.1: State of the solution at 500 rpm     36 
Figure 5.3.2: State of the solution at 2000 rpm     37 
Figure 5.3.3: State of the solution at 3000 rpm     38 
Figure 5.3.4: State of the solution at 4000 rpm     39 
Figure 5.3.5: State of the solution at 6000 rpm     40 
Figure 5.3.6: Solution at 3000 rpm with silicon carbide particle addition 42 
Figure 5.3.7: Solution at 4000 rpm with silicon carbide addition  43 
Figure 5.3.8: Summary of results concerning flow regime, 0-10000 rpm 44 
Figure 6.2.1: Representation of the Rotating Cylinder Electrode (RCE) setup 
           52 
Figure 6.3.1: Corrosion rate for different alloys as a function of rotational speed in 
simulated white liquor, without or with alumina added (amount indicated as g/L of 
alumina)          55 
Figure 6.3.2: Corrosion rates in white liquor without alumina particles 56 
vii 
 
Figure 6.3.3: Corrosion rates with 1 g/L Al2O3 suspended in white liquor 56 
Figure 6.3.4: Summary of results for C1018 carbon steel   58 
Figure 6.3.5: Optical micrograph of C1018 RCE (side view) before and after 
erosion-corrosion test        58 
Figure 6.3.6: Summary of results for 304L stainless steel   59 
Figure 6.3.7: Optical micrograph of 304L RCE (side view) before and after 
erosion-corrosion test        60 
Figure 6.3.8: Summary of results for 316L stainless steel   60 
Figure 6.3.9: Optical micrograph of 316L RCE (side view) before and after 
erosion-corrosion test        61 
Figure 6.3.10: Summary of results for 2205 duplex stainless steel  62 
Figure 6.3.11. Optical micrograph of 2205 RCE (side view) before and after 
erosion-corrosion test        63 
Figure 6.3.12: The effect of temperature on the corrosion rate of S31603 (316L) 
austenitic stainless steel exposed to the test solution (WL, 1g/L Al2O3) without 
scratching, measured in a lab environment by LPR and data points connected 
with smooth lines         65 
Figure 6.3.13: Rotational speed-annual corrosion rate relationships for a. C1018 
carbon steel, b.304L austenitic stainless steel, c. 316L austenitic stainless steel, 
d. 2205 duplex stainless steel at different temperatures   68-69 
Figure 6.3.14: Reynolds number-annual corrosion rate relationships for a. C1018 
carbon steel, b.304L austenitic stainless steel, c. 316L austenitic stainless steel, 
d. 2205 duplex stainless steel at different temperatures and 1 g/L alumina 
loading (1 mm particle size)       72-73 
Figure 6.3.15: FAC curves for active-passive alloys tested under all 
temperatures, approximated by cubic polynomials    77 
Figure 6.3.16: Flow-assisted corrosion (FAC) rate vs. flow velocity for an active-
passive alloy, based on 15        78 
viii 
 
Figure 6.3.17: The potential-pH diagram (Pourbaix diagram) for the Mo-H2O 
system, calculated by HSC Chemistry software16.    78 
Figure 7.1.1. The effect of surface roughness on corrosion rate in white liquor, 
containing 1 g/L of 50 micron alumina particles at room temperature 82 
Figure 7.2.1: Behavior of C1018 Carbon Steel in artificially scratched RCE testing 
           83 
Figure 7.2.2: Behavior of 316L Stainless Steel in artificially scratched RCE 
testing          84 
Figure 7.2.3: Behavior of 2205 Duplex Stainless Steel in artificially scratched 
RCE testing          84 
Figure 7.3.1: Idealized potential response to a standard scratch (5 s) in white 
liquor           86 
Figure 7.3.2: Real potential response to a scratch of 2205 DSS at 5000 rpm, 
White liquor and 1 g/L alumina       87 
Figure 7.4.1: Potential shift in forward and reverse RPM sweeps for Carbon Steel 
C1018, Austenitic Stainless Steel 316L and Duplex Stainless Steel 2205 89-90 
Figure 7.4.2: Comparison of the potential shift at room temperature for tested 
materials          91 
Figure 7.4.3: Comparison of the potential shift at 60oC for tested materials 92 
Figure 7.4.4: Summary of results of potential shift experiment at 0 and 10000 rpm 
(for clarity)          92 
Figure 7.4.5: a. Relationship between rotational speed and potential shift after 
scratching in alumina-containing white liquor, with labelled corrosion rates; b. 
Relationship between corrosion rate and rotational speed   93 
Figure 7.4.6: Relationship between potential shift and open circuit potential 
           94 
Figure 7.5.1: Comparison of flow effects on 316L and 2205 steels in white liquor 
spiked with alumina particles       96 
ix 
 
Figure 7.5.2: Time evolution of potential after scratching 2205 DSS in white liquor 
with 1 g/L alumina particles at a rotational speed of a. 5000 rpm; b. 7000 rpm 
           97 
Figure 8.3.1: The effect of particle presence (1 g/L Al2O3) on the erosion-
corrosion of 2205 DSS in white liquor and 1 wt% agar at 60oC  103 
Figure 8.3.2: Corrosion rate of C1018 carbon steel in white liquor at 60oC 104 
Figure 8.3.3: Corrosion rate of 2205 DSS with selected white liquor environments 
with different amount and size of alumina particles at 25oC with reverse scans 
           104 
Figure 8.3.4: Erosion-corrosion rate vs. Reynolds number for 2205 duplex 
stainless steel in white liquor with different particle sizes of alumina at 7500 rpm, 
60oC           106 
Figure 8.3.5: Erosion-corrosion rate vs. Reynolds number for 316L stainless steel 
in white liquor with different particle sizes of alumina at 7500 rpm, 60oC 108 
Figure 8.3.6: Erosion-corrosion rates under different particle densities for 2205 at 
25oC in white liquor         109 
Figure 8.3.7: Surfaces of 304L stainless steel after exposure to white liquor with 
1 wt% agar and 10 g/L alumina particles with an average size of 50 microns (top) 
and 1000 microns (bottom) for 100 hours     110 
Figure 8.3.8: Surfaces of 2205 duplex stainless steel after exposure to white 
liquor with 1 wt% agar and 10 g/L alumina particles with an average size of 50 
microns (top) and 1000 microns (bottom) for 100 hours   111 
Figure 9.3.1: Viscosity of white liquor as a function of agar content by weight 
           119 
Figure 9.3.2. Change of viscosity with Reynolds number for (a) 2.5% and (b) 5% 
agar-containing white liquor solution, obtained from a rotary viscometer 121 
Figure 9.3.3. Typical Newtonian fluid behavior (compare with shear thinning 
behavior shown on Figure 9.3.2)       122 
Figure 9.3.4. Comparison of corrosion rates of 2205 duplex stainless steel in 
different white liquor additive configurations (1 g/L alumina and/or 1 wt% agar) 
           122 
x 
 
Figure 9.3.5. Corrosion behavior of 2205 duplex stainless steel in white liquor 
containing 2.5 wt% agar        124 
Figure 9.3.6. Calculated relationship between rotational speed and shear 
stress/viscosity for a white liquor/agar system with a parabolic velocity profile 
(laminar flow)         125 
Figure 9.3.7: Calculated parabolic velocity profile for forced rotation of a ¼” 
radius rotating cylinder at selected rotational speeds    125 
Figure 9.3.8. Wall shear stress acting on a quarter-inch RCE in white liquor 
containing agar at 60oC        126 
Figure 9.3.9. Profilometer images of the surface of a 2205 DSS sample after 5 
hours of exposure to white liquor containing no agar (top) and 1 wt% agar 
(bottom) at 10000 rpm        127 
Figure 9.3.10: Extracted surface and profile after a short term test (1% agar, 1 
g/L alumina) on 316L SS        128 
Figure 10.1.1: Schematic representation of erosion-corrosion due to hard solid 
particles, with initial surface in black and final surface in red   132 
Figure 10.2.1: Schematic drawing of experimental setup   136 
Figure 10.3.1: Profilometer images of C1018 surface before (top) and after 
(middle) 100 h exposure to white liquor and 10 g/L alumina particles, and after 
100h exposure to white liquor with 10 g/L alumina and 2 wt% agar (bottom) 
           140 
Figure 10.3.2: Surface of C1018 carbon steel after testing for 100 h at 7500 rpm 
before post-cleaning (left) and after cleaning (right)    141 
Figure 10.3.3: Correlation between the Reynolds number and annual corrosion 
rate           141 
Figure 10.3.4: Correlation between the laminar wall shear stress and annual 
corrosion rate         142 
Figure 10.3.5: Profilometer images of 304L SS surface as prepared before 
testing (top), after 100 h exposure to white liquor and 10 g/L alumina particles at 
7500 rpm and 2.85 cP (upper middle), after 100h exposure to white liquor with 10 
g/L alumina and 6.20 cP (lower middle) and 14.86 cP (bottom)     144-145 
xi 
 
Figure 10.3.6: Erosion-corrosion damage as seen on SEM for 304L exposed to 
10 g/L alumina-containing white liquor for 100 h at 2.85 cP (left) and 6.20 cP 
(right). Flow is directed left to right      146 
Figure 10.3.7: Profilometer images of 316L SS surface as prepared before 
testing (top), after 100 h exposure to white liquor and 10 g/L alumina particles at 
7500 rpm (upper middle), after 100h exposure to white liquor with 10 g/L alumina 
and 0.5 wt% agar (lower middle) and 1 wt% agar (bottom). Flow is directed 
downward             147-148 
Figure 10.3.8: SEM images of the erosion-corrosion damage on the surface of 
316L SS, after exposure to white liquor and 10 g/L alumina: without rotation (top 
left), at 7500 rpm and 2.85 cP (top right), 7500 rpm and 6.20 cP (bottom left) and 
7500 rpm and 14.86 cP (bottom right). Flow is directed left to right  148 
Figure 10.3.9: Profilometer images of 2205 DSS surface as prepared before 
testing (top), after 100 h exposure to white liquor and 10 g/L alumina particles at 
7500 rpm (upper middle), after 100h exposure to white liquor with 10 g/L alumina 
and 0.5 wt% agar (lower middle) and 1 wt% agar (bottom). Flow is directed 
downward             149-150 
Figure 10.3.10: SEM images of 2205 after 100h without rotation (top left), after 
exposure to white liquor containing 1 g/L alumina particles at 7500 rpm and 2.85 
cP (top right), 10 g/L alumina particles at 7500 rpm and 2.85 cP (bottom left) and 
7500 rpm and 14.86 cP (bottom right)      152 
Figure 11.3.1: Typical cyclic voltammetry curve, obtained at 60oC at 5 mV/s and 
10 mV/s          161 
Figure 11.3.2: Randles-Sevcik plots at various temperatures      162-163 
Figure 11.3.3: Relationship between mass transfer coefficient and corrosion rate 
for C1018 carbon steel        167 
Figure 11.3.4: Relationship between mass transfer coefficient and corrosion rate 
for 304L (austenitic) stainless steel      167 
Figure 11.3.5: Relationship between mass transfer coefficient and corrosion rate 
for 316L (austenitic) stainless steel      168 
Figure 11.3.6: Relationship between mass transfer coefficient and corrosion rate 
for 2205 duplex stainless steel       168 
xii 
 
Figure 11.3.7: Relationship between mass transfer coefficient and corrosion rate 
for tested active-passive alloys at 60oC and 1 wt% agar   170 
Figure 11.3.8. Relationship between Reynolds number and corrosion rate for 
tested active-passive alloys at 60oC and 1 wt% agar    172 
Figure 12.1.1. Representative velocity profiles for laminar flow (left) and turbulent 
flow (right). The horizontal red lines represent the limit of the boundary layer 
           177 
Figure 12.3.1: Turbulent and laminar velocity profiles at a.2500 rpm, b.5000 rpm, 
c.7500 rpm, d.10000 rpm for an RCE. Note that radial distance starts from the 
center of the electrode, i.e. the starting point is the electrode surface (0.00635 m 
or ¼ in)             182-185 
Figure 12.3.2: Erosion-corrosion rate of selected alloys as a function of 
calculated laminar wall shear stress due to flow     186 
Figure 12.3.3: Erosion-corrosion rate of selected alloys as a function of 
calculated average turbulent wall shear stress due to flow   186 
Figure 12.3.4: The effect of particle presence on erosion-corrosion rate with 
respect to laminar wall shear stress for 2205 DSS at 60oC   187 
Figure 12.3.5: Effect of particle concentration on the erosion-corrosion rate with 
respect to wall shear stress for 2205 DSS     188 
Figure 12.3.6: Erosion-corrosion rate vs. rotational speed curves for C1018 
carbon steel (25oC)         188 
Figure 12.3.7: Erosion-corrosion rate vs. rotational speed curves for 304L 
austenitic stainless steel (25oC)       189 
Figure 13.1.1: Two-dimensional representation of a support vector machine. The 
solid line represents the hyperplane between the green and red labels 192 
Figure A.1.1 Surface of 304L-60oC-no rotation-100 h    222 
Figure A.1.2 Surface of 304L-60oC-1 g/L alumina (1 mm)-0wt.% agar-7500 rpm-
100 h           223 
Figure A.1.3: Surface of 304L-60oC-10 g/L alumina (1 mm)-0wt.% agar-7500 rpm-
100 h           224 
xiii 
 
Figure A.1.4: Surface of 304L-60oC-10 g/L alumina (1 mm)-1wt.% agar-7500 rpm-
100h           225 
Figure A.1.5: Surface of 316L-60oC-no rotation-100 h    226 
Figure A.1.6: Surface of 316L-60oC-10 g/L alumina (1 mm)-0wt.% agar-7500 rpm-
100 h           227 
Figure A.1.7: Surface of 316L-60oC-10 g/L alumina (1 mm)-1wt.% agar-7500 rpm-
100 h           228 
Figure A.1.8: Surface of 2205-60oC-no rotation-100 h    229 
Figure A.1.9: Surface of 2205-60oC-10 g/L alumina (1 mm)-0wt.% agar-7500 rpm-
100 h           230 
Figure A.1.10: Surface of 2205-60oC-10 g/L alumina (1 mm)-1wt.% agar-7500 
rpm-100 h          231 
Figure A.2.1: Abbott curve for 304L-60oC-no rotation-100 h   232 
Figure A.2.2: Abbott curve for 304L-60oC-1 g/L alumina (1 mm)-0wt.% agar-7500 
rpm-100 h          233 
Figure A.2.3: Abbott curve for 304L-60oC-10 g/L alumina (1 mm)-0wt.% agar-7500 
rpm-100 h          234 
Figure A.2.4: Abbott curve for 304L-60oC-10 g/L alumina (1 mm)-1wt.% agar-7500 
rpm-100 h          235 
Figure A.2.5: Abbott curve for 316L-60oC-no rotation-100 h   236 
Figure A.2.6: Abbott curve for 316L-60oC-10 g/L alumina (1 mm)-0wt.% agar-7500 
rpm-100 h          237 
Figure A.2.7: Abbott curve for 316L-60oC-10 g/L alumina (1 mm)-1wt.% agar-7500 
rpm-100 h          238 
Figure A.2.8: Abbott curve for 2205-60oC-no rotation-100 h   239 
Figure A.2.9: Abbott curve for 2205-60oC-10 g/L alumina (1 mm)-0wt.% agar-7500 
rpm-100 h          240 
xiv 
 
Figure A.2.10: Abbottt curve for 2205-60oC-10 g/L alumina (1 mm)-1wt.% agar-
7500 rpm-100 h         241 
Figure C.1: EDS scans on selectively-attacked 2205 DSS after exposure to white 
liquor containing 10 g/L alumina and 1 wt% agar for 100 hours     244-256 






















LIST OF SYMBOLS 
𝑢 , 𝑢(𝑟) Flow speed (average) (m/s) 
𝑢∗ Shear velocity (m/s) 
𝑣 Flow velocity (m/s) 
𝜌 Density (g/cm3, kg/m3) 
𝜇 Dynamic viscosity (cP) 
𝜈 Kinematic viscosity (cSt) 
Γ Circulation 
𝜏 Shear stress (MPa) 
𝑦 Perpendicular distance from the surface 
(m) 
𝜅 Von Karman’s constant 
𝐷 , 𝐿 , 𝑥 Characteristic hydrodynamic length (m) 
𝑅𝑒 Reynolds number 
𝑆𝑐 Schmidt number 
𝑆ℎ Sherwood number 
𝑘 Mass transfer coefficient (m/s) 
𝐷 Mass diffusivity (m2/s) 
𝑢𝑐𝑦𝑙 Equivalent velocity for a cylinder (m/s) 
𝑢𝑝𝑖𝑝𝑒 Equivalent velocity for a pipe (m/s) 
𝑑 Diameter (m) 
𝑟 Radius, radial distance from surface (m) 
𝑑𝑐𝑦𝑙 Equivalent diameter for a cylinder (m) 
𝑑𝑝𝑖𝑝𝑒 Equivalent diameter for a pipe (m) 
xvi 
 
𝜔 Angular velocity (rad/s) 
𝐾𝑒𝑐 Erosion-corrosion rate 
𝐾𝑐 Corrosion rate 
𝐾𝑒 Erosion rate 
𝐾𝑜𝑐 Pure corrosion rate 
𝐾𝑜𝑒 Pure erosion rate 
Δ𝐾𝑐 Synergistic corrosion rate 
Δ𝐾𝑒 Synergistic erosion rate 
𝜏𝑙𝑎𝑚𝑖𝑛𝑎𝑟 Laminar wall shear stress (MPa) 
𝑚 Mass, mass loss (g) 
𝐾 Unit conversion constant 
𝑡 Time (s, h, yr) 
𝐴 Surface area (cm2) 
𝐹 Force (N) 
𝑣𝑖 Initial velocity (m/s) 
𝑣𝑓 Final velocity (m/s) 
𝑖 Current density (mA/cm2) 
𝑖𝑐𝑜𝑟𝑟 Corrosion current density (mA/cm
2) 
𝐸 Potential (V) 
𝑂𝐶𝑃, 𝐸𝑂𝐶𝑃 , 𝐸𝑐𝑜𝑟𝑟 Open circuit potential (V) 
Δ𝐸 Potential difference, potential shift (V) 
𝐼 Current (mA) 




This aim of this study was to improve the understanding of the erosion-corrosion 
process in alkaline environments, its mechanism and relationship with the 
mechanical properties of fluid flowing over the surface of interest. In spite of a large 
amount of previous publications which explored acidic or near neutral conditions, 
the erosion-corrosion in alkaline region has not been systematically explored. 
Efforts were instead focused around proving the adequacy or inadequacy of a 
certain material within a certain environment under flow, while the few fluid 
mechanics-based studies attempted to increase the corrosion rate artificially 
through changes in geometry rather than seek the mechanism and underlying 
reasons about why these effects were observed. 
To study the erosion-corrosion of steels in an alkaline environment, a strongly 
alkaline chemical used to pulp wood, white liquor, was selected as the test fluid 
due to its involvement in erosion-corrosion phenomena in practice, its reproducible 
nature and its content of a known aggressive anion, sulfide, and very high pH. 
Popular materials in the pulping and recovery machinery that would be in contact 
with white liquor in real applications were chosen as C1018 carbon steel, 304L and 
316L austenitic stainless steels and 2205 duplex stainless steel. Electrochemical 
tests were performed using a three electrode setup while a cylindrical test sample, 
made out of an alloy of interest, was rotated within the test solution. Corrosion 
rates were obtained via the linear polarization resistance (LPR) method and 
through weight loss. Preliminary tests at room temperature in white liquor were 
carried out with and without introducing hard alumina particles into the white liquor. 
xviii 
 
It was found that room temperature was not enough to cause significant erosion-
corrosion, so higher temperatures were used in subsequent tests. This revealed a 
range of different critical flow speeds where corrosion rate started to increase 
sharply. As changing temperature also changes the viscosity of the fluid in addition 
to its effects on the corrosion process, a parameter containing viscosity, the 
Reynolds number, was introduced. It was found that all tested materials showed 
similar behavior in terms of the relationship between erosion-corrosion rate and 
Reynolds number, with the sharp increase in corrosion rate occurring near 
Re=10000. White liquor was visually characterized at different flow speeds and it 
was found that the critical Reynolds number, where flow regime shifted from 
laminar to turbulent, was in the range of Re=5000-7000, indicating that turbulence 
alone was not enough to cause film breakdown and higher speed was necessary 
to increase the corrosion rate even though slight increase started when flow regime 
became turbulent. Additionally, the inherent LPR assumption of activation-
controlled corrosion was tested and proven true by checking for concentration 
polarization controlled behavior in the white liquor environment under flow. It was 
found that the mass transfer coefficient within the fluid did not correlate with the 
corrosion rate. Therefore, mass transfer was not the limiting step of the corrosion 
process, and thus the mechanism had to be limited by charge transfer, ruling out 
concentration polarization effects. 
In order to build upon the discovery of the threshold Reynolds number, the role of 
viscosity alone on the erosion-corrosion rate needed to be examined. For this 
purpose, an additive, agar (vegan gelatin) was adapted from biological applications 
xix 
 
and introduced to white liquor solutions. It was found that agar was inert in the 
tested conditions and increased viscosity without changing chemical properties. 
By adding agar to some white liquor solutions, a method was developed to 
decouple temperature, viscosity and flow speed and examine viscosity as an 
independent variable in itself with all other parameters being constant. This study 
revealed that when all other parameters were constant, a higher viscosity caused 
a higher corrosion rate. When agar and alumina particles were added to the white 
liquor simultaneously, the erosion-corrosion rate was found to increase far beyond 
what was caused by either component alone, revealing a synergistic relationship 
between the viscosity and the erosive particles. 
As an increase in viscosity with the same velocity profile, as would occur when 
rotating a cylinder at the same speed in a fluid with a higher viscosity, means a 
higher wall shear stress, the wall shear stress was calculated under different flow 
conditions and compared to the erosion-corrosion rate, revealing a linear trend. 
These results showed that wall shear stress is the main parameter that correlates 
with the erosion-corrosion synergy observed in alkaline environments. This also 
explained why turbulent flow was observed to be much more aggressive than 
laminar flow in terms of erosion-corrosion rate, as effective turbulent viscosity (and 
thus wall shear stress) was considerably higher compared to laminar flow. 
Presumably, the shear stress acting on the film causes the passive film to become 
more susceptible to breakdown and erosion-corrosion attack by making the film 
weaker to particle impacts. 
xx 
 
After this revelation, the role of the particles was also explored in more detail. 
Larger particles were found to cause a higher erosion-corrosion rate, which meant 
that a certain impact energy (or impulse) was necessary in addition to the shear 
stresses resulting from fluid flow in order to increase the corrosion rate. Smaller 
particles showed little evidence of erosion-corrosion in both their overall corrosion 
rate trends with respect to the Reynolds number or wall shear stress as well as 
microscopic inspection of the surface as well as showing a much smaller increase 
in corrosion rate. 
To simulate a ruptured passive film, scratch tests were performed and it was found 
that corrosion rate response would have a delay, often spanning minutes, before 
returning to its undisturbed corrosion rate under flow. This behavior was consistent 
with the behavior of the erosion-corrosion rate in reverse scans after breaking 
down the passive film, where repassivation delays were observed. This result 
showed that flow had the capability of inhibiting repassivation of a broken passive 
film. Potential was also shown to be a semi-reliable indicator of passive film status 
and a repassivation quality parameter, “potential shift” was proposed. This 
parameter consisted of simply the difference between the open circuit potentials 
of the intact and scratched states of the sample, and showed reasonable 
correlation with erosion-corrosion rate. 
To compile all knowledge gathered during the preparation of this work, a predictive 
model was also created based on the machine learning technique called a support 
vector machine (SVM). A set of 30 variables was created that required no 
experimental results and these parameters were calculated for each test. Then the 
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SVM model was generated and other tests were fed into the newly created model 
to test its accuracy, which was determined to be in the 75-80% range. The 
accuracy suggests that the experimental data generated was sufficient to be 
utilized in a SVM based model to reasonably predict the erosion-corrosion 
























1.1 Theoretical Background 
Erosion-corrosion, defined as the loss of material under continuous, combined 
effects of mechanical and chemical environmental factors, is an important issue in 
the complex flow systems found in a number of chemical process industries.1-11 
The recovery cycle, the pulper/repulper, causticizer, evaporators,  and even 
storage units are very important and essential pieces of the workings of a pulp and 
paper mill and can easily fall victim to the combined mechanical and chemical 
action of erosion-corrosion if improperly designed, used or monitored. However, 
the knowledge about erosion-corrosion in these systems is insufficient to provide 
scientifically justifiable methods to avoid equipment damage. 
Failures of pulp and paper mill equipment in white liquor (cooking liquor) has been 
reported my multiple sources recently. As an example, Sharma, Sulaxna and 
Singh24 (2012) have reported three separate failures in storage tanks and digesters 
and attributed these to the increased sulfidity of the liquor. The longest time to 
failure was in a completely static storage tank and occurred in 12 years of service 
life. This points to the high corrosivity of white liquor even without flow effects. 
However, when combined with flow, this environment can cause even more 
serious damage; some examples were reported recently by Gorog25 and Singh3. 
Gorog25 observed corrosion in evaporator tube sheets, vapor dome and storage 
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tanks, pointing out that corrosion rates of carbon steel  in white liquor increased 
with higher flow rate and higher temperature while stainless steel remained 
passive in white and green liquor. Gorog’s work also admitted that the corrosion 
chemistry in black liquor is unknown. Singh (2014)3 showed that erosion-corrosion 
could affect cast iron, cast or wrought austenitic stainless steels 304L and 316L 
and even duplex stainless steels 2101 and 2205 in heavy black liquor at flow 
speeds exceeding a certain threshold that varied for each different composition 
and microstructure, even though the corrosion rates of the duplex steel were 
generally lower than those observed in austenitic stainless steel. 
Based on Singh’s study3, the alloy systems that should be considered for the 
characterization of steels exposed to pulping liquors include: 
1- Carbon steel, a steel type containing exclusively ferrite and minimal alloying 
elements which is a common material in evaporator tube sheets and 
storage tanks according to Gorog25. 
2- Austenitic stainless steel, with austenite stabilizers that allows the FCC 
phase to be stable at operating temperatures. This class of materials are 
often used in valve assemblies, impellers, baffles and other equipment 
related to the direction of flows and streams in pulp and paper mills as well 
as piping and tanks holding pulping liquors. 
3- Duplex stainless steel, with a microstructure of around 50% each of ferrite 
and austenite at operating temperature, and an important material for pipes 
and vessels involved in applications containing black liquor streams where 




The environment and its relevant factors also deserve special attention. White 
liquor, also known as cooking liquor or pulping liquor, is a concentrated mixture of 
sodium hydroxide and sodium sulfide (see the Experimental section for the 
detailed recipe). White liquor compositions vary from mill to mill, depending on the 
wood species pulped and the product properties required. It is used to separate 
the cellulose fibers contained in wood chips from the lignin, extractives and 
hemicellulose that binds the cellulose fibers together in the raw material of the 
paper, i.e. wood chips. White liquor is known for its high sulfidity and alkalinity. 
Black liquor, which is the portion of spent pulping liquor that is used as fuel for the 
recovery boiler, has significant organic constituents and lower sulfidity and 
alkalinity due to a significant portion of chemicals being spent during the pulping 
process. It also tends to be more viscous than white liquor, especially as it 
proceeds through the Kraft recovery cycle and is thickened in preparation for 
burning in the recovery boiler. Green liquor is the final type of pulping liquor, rich 
in carbonates, which is separated from the spent liquor and used to chemically 
recover white liquor in the Kraft recovery cycle, economizing the chemical intensive 
pulping process. These environments, as shown, contain important variables for 
the purpose of corrosion and erosion mechanisms, including sulfidity, pH 
(alkalinity), particle content and viscosity. An example of these factors in action 
was found in Gorog’s study of the behavior of carbon steel in pulping liquor25, which 
was found to be inadequate in white liquor but adequate in weak black liquor. The 
study concluded that sulfidity must be the important factor since black liquor has 
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far lower sulfidity than white liquor. However, another important difference, i.e. the 
significantly higher viscosity of black liquor and its organic and inorganic inclusions, 
was ignored. 
The presence of flow effects changes the corrosion process in two principal ways. 
First, flow enhances the transportation of reactants and products to or from the 
surface. Local inhomogeneities are diminished and products may be transported 
away from the surface faster. Second, flow causes shear stress on the walls of 
obstacles, such as vessel walls, weld beads, throttle valves, pump housings and 
impellers etc. which introduces a mechanical component to the chemical corrosion 
process. If particles or multi-phases are included in the flow, this leads to flow-
assisted erosion-corrosion, a combined chemical and mechanical corrosion 
mechanism where passive films are disrupted mechanically leading to the 
chemical oxidation of bulk material to reform the film, entering a vicious cycle of 
accelerated corrosion until the failure of the affected part. The main measure of 
flow in fluid mechanics is the Reynolds number, which represents the ratio of the 
inertial forces of the flow to the viscous forces due to friction. Mathematically, the 








       (1.1) 
 
where ρ is the density of the fluid, μ is the dynamic viscosity, ν = μ/ρ is the kinematic 
viscosity, V is the flow velocity and D is a characteristic length (D=pipe diameter 
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for pipes and D=the length of the cylinder for a rotating cylinder electrode (RCE)). 
The critical Reynolds number, above which inertial forces dominate and flow 
becomes turbulent, is about 2000 for a pipe and 100 for a Rotating Cylinder 
Electrode (RCE), the main investigative device used in this study. The flow 
between two concentric cylinders, with the outer cylinder stationary, has been 




                        (1.2) 
Using this equation, the velocity profile in the test solution can be determined, as 
the circulation Γ is easy to determine from the known velocity u(rRCE) at the surface 
of the electrode being forced to rotate at a certain speed to maintain its rpm. As 
the velocity is known at a certain radius due to the no-slip condition (no relative 
flow velocity at a solid surface), it can be obtained for larger r values to obtain the 
velocity profile. 
The combination of environmental and flow effects affects the properties of passive 
film in that environment, thus directly affecting the performance and longevity of 
the material in its industrial application. pH has been well known to change film 
properties and preferred corrosion products for at least five decades, as shown in 
the published book compiling maps of corrosion products that are 
thermodynamically favored in systems containing different elements by Marcel 
Pourbaix in 196634. Highly alkaline solutions can cause active dissolution at 
corresponding potentials according to the Pourbaix diagram of iron. Similarly, 
transpassive dissolution of Cr and Mo can cause accelerated corrosion of stainless 
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steels in pulping liquors under oxidizing conditions. Therefore, the effect of pH is 
an important environmental factor. Stainless and duplex stainless steels will 
typically have a chromium oxide passive film on the surface as compared to the 
iron oxide film found on carbon steel, which can be magnetite or hematite 
depending on environmental conditions. However, each of these films has different 
mechanical properties as well as chemical resistance. For example, flow will affect 
these films differently due to their different hardness values and elastic deformation 
characteristics, and particle action will depend strongly on the structure of the film 
due to the angle of attack and difference of hardness between the particle and the 
surface. Such mechanical and chemical properties are also affected by the 
viscosity of the environment, the size and concentration of particles in the 
environment and the composition of the environment, which might include species 
that may infiltrate the passive film to change its properties. If passivity cannot be 
maintained due to a change of the properties of the film, active corrosion is likely 
to occur. Film properties under any environment are therefore very important 
parameters to observe when studying erosion-corrosion. 
Previous research in this field is sparse. Work has been focused on qualitative 
mapping of corrosion situation to different environments such as Stack’s 
examination of the environmental effects on erosion-corrosion4,5 or observing flow 
effects using either a flow loop or by artificially disturb the flow. One example is 
Nesic’s study17 where an RCE with a 2 mm-deep groove was rotated in 
ferrocyanate to increase eddy current density and as a result, the mass transport 
and corrosion rate greatly increased with even small increases in rotational speed. 
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A previous study by Guo et al. (2005)7 used sand to determine the effect of erosive 
particles in neutral and near neutral conditions. While similar to this project, this is 
not a method that can be used in caustic environments due to the known tendency 
of silica to form dissolved silicate salts in strongly basic solutions. Another aspect 
of Guo et al.’s study is that they split the corrosion into pure electrochemical and 
pure wear for the purposes of research, but no actual interaction is considered. 
However, the greater combined effect of erosion and corrosion was demonstrated 
by Rashidi et al. (2014)22, in sea water/alumina nanofluids. Indeed, our study has 
determined that erosion-corrosion is a much more severe form of material loss 
compared to both pure erosion and pure corrosion, as will be presented in the 
Results section. This interplay of erosion (mechanical) and corrosion (chemical) is 
a critical phenomenon for the understanding of erosion-corrosion in pulp mills and 
beyond. 
The pulping process uses white liquor, a medium with high sulfidity and high 
alkalinity that helps separate the cellulose fibers from the lignin that binds them. 
White liquor is a corrosive mixture, containing mainly sodium sulfide and sodium 
hydroxide. While the formula for white liquor can be variable and complex, the 
simple recipe used in this study can be found in the Experimental Information 
section. 
The electrochemical testing method using an RCE has been documented by 
Silverman.12, 14 This paper provides a mathematical way to relate flow in an RCE 
system to pipe flow of a certain diameter and flow speed via similarity of mass 
transfer coefficients and shear stresses due to flow. Therefore, a simple 
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experiment such as the RCE can be used to predict corrosion or other 
electrochemical processes in a real life system. The ratio of pipe flow speed (in 
m/s) to the one-seventh power of the pipe diameter is obtained for a given single 
pipe diameter and provide an easy way to calculate the RCE equivalent. The 
equation used by Silverman for the relationship between RCE surface velocity and 













5/4                                                    (1.3) 
 
In this equation, μ represents the dynamic viscosity, ρ represents density, d refers 
to diameters of the pipe and the RCE, u denotes the equivalent speeds in pipe flow 





                    (1.4) 
 
where D is the mass diffusivity in m2/s. 
The empirical methods presented by Silverman provide a clear relationship 
between the flow variables in an RCE setup and those in an equivalent pipe flow, 
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typical of what would be expected in the industry. The relationship between 
different speed measurements are given in Table 1. 
Alumina was used as the particle within the pulping liquor due to its inertness at 
below-boiling temperatures in caustic environments, even though it can form 
aluminates and aluminosilicates. Replacement of alumina with washed sand leads 
to the formation of silicates and the loss of the electrochemical signal. The coating 
of alumina particles in water with organic-polymeric compounds and subsequent 
stabilization of a slurry was described by Cesarano and Aksay (1988)21,22. With 
high rotation, this stabilization should not be needed, though the inclusion of 
organics may cause a more stable alumina suspension, which in turn may magnify 
the effect of particles in the flow (see the “Relationship of Viscosity with Corrosion 
Rate” section). 
1.2 Flow parameters and characterization 
It is important for comparison and understanding of the flow physics to report flow 
parameters in dimensionless numbers used in the study of fluid mechanics. The 
rotational speed itself yields little information without fluid and geometrical data. 
Theoretically, turbulent flow patterns resulting from a rotating cylinder inside a 
stationary cylinder is considered to be a subset of Taylor-Couette flow with the 
outer cylinder rotation rate being set to zero. Taylor-Couette flow is characterized 




       (1.5)  
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where ρ is density, ω is angular velocity of the RCE at the inner cylinder surface, r 
is the radius of the inner cylinder, d is a characteristic length and μ is the dynamic 
viscosity of the fluid. Above a critical Taylor number, there are axial instabilities in 
the flow, which alter transport properties and are very difficult to quantify. However, 
below the critical Taylor number, flow is homogeneous, purely azimuthal and will 
not have an axial component or hard-to-quantify transport properties. Figure 1 
shows that for a Newtonian fluid, the critical Taylor number approaches about 65 
as the radii of the cylinders are further and further apart. 
In the experimental setup, as the diameter of the RCE is 0.25 in and the diameter 
of the container is 4 in, the radial ratio is 1/16 = 0.0625.  Taylor numbers below 65 
should thus have no instabilities. 
Other important factors in characterizing flows and transport in the system are the 
more universal dimensionless numbers: The Reynolds number (Re), the Schmidt 
number (Sc) and the Sherwood number (Sh). If measurable, the wall shear stress 
is also a very useful source of information concerning how and why erosion-
corrosion occurs. 
The Reynolds number shows the ratio of inertial forces to viscous forces, and is 
related to flow regime. Above a critical Re, which varies with the system geometry 
and fluid properties, the flow becomes turbulent (with random turbulent 
components in the velocity vector). Below the critical Re, flow will remain laminar, 
i.e. particles will follow straight trajectories, without “mixing” of “layers” of fluid, in a 
deterministic pattern. As the critical Reynolds RCE setup is well known to be 
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around 100, and due to the dynamic viscosity of most fluids being around the order 
of 10-6, it is clear that flow is almost always turbulent in RCE tests.  
 
Table 1.2.1: The relationship between pipe flow speed and linear velocity at the 















Pipe flow eq. 
(u(pipe)/d^1/7) 
(m6/7/s) 
0 0.00 0 0.00 0.00 
1000 104.72 798.76 0.33 0.97 
2000 209.44 1597.5 0.66 1.70 
3000 314.16 2396.3 1.00 2.35 
4000 418.88 3195.0 1.33 2.95 
5000 523.60 3993.8 1.66 3.53 
6000 628.32 4792.6 1.99 4.09 
7000 733.04 5591.3 2.33 4.62 
8000 837.76 6390.1 2.66 5.14 
9000 942.48 7188.8 2.99 5.65 






Figure 1.2.1: Variation of critical Taylor number with the radial ratio in the Taylor-
Couette flow of a Newtonian fluid (Coronado-Matutti, Souza Mendes & Carvalho, 
2007)18 
 
Another important flow parameter is the wall shear stress, which vessel walls are 




      (1.6)  
where μ is the dynamic viscosity of the solution, u is the flow velocity and y is the 
direction perpendicular to the flow direction. 
As potential flow occurs in the test system, the profile above applies to 5000 rpm 
rotational speed. The derivative of this plot can be used as aforementioned to 
calculate wall shear stress. The wall shear stress and Re are proportional 
according to fluid mechanics15. As the wall shear stress corresponds to a certain 
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force applied on the surface, it is expected that a critical threshold wall shear stress 
will be present for each material and environment where a sharp increase in 
corrosion rate will occur. 
 
 
Figure 1.2.2: The velocity profile for potential flow at 5000 rpm for the tested RCE 
geometry (l=1 in, r=1/8 in), based on 15 
 
Erosion-corrosion modeling has also been done, such as by Nesic and 
Postlethwaite (1991)29. The common disadvantage of models, however, is the 
assumptions that must be included. Indeed, Nesic and Postlethwaite assumed 
separate models for erosion, corrosion and flow while basing their study on impact 
velocity downstream of a physical flow disturbance, in their case a 10 mm groove 
carved into a pipe of 100 mm diameter. The main assumption was that flow could 
be assumed to be planar, which as well known is not the case due to the presence 
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of Taylor vortices. They also used Milojevic’s work (1986)33 in predicting turbulence 
constants while that paper was about free jets and not pipe flow. They also 
assumed vertical flow and oxygen mass transfer-controlled corrosion. The 
resulting predicted corrosion rates were up to 200 mm/yr about 10 cm beyond the 
groove. While the objective accuracy is debatable, Nesic and Postlethwaite 
calculated impact frequency and velocity and linked this to flow parameters while 
turbulent flow was taken into account as well. 
Studies about the mechanism of erosion-corrosion have also been performed, 
especially targeting carbon steel/pipeline steel in slurries related to the processes 
of the petrochemical industry. The following mathematically decoupled model was 
used by, e,g., Stack and Wang(1999)28 to calculate mechanism transitions in 
erosion-corrosion: 
Kec = Kc + Ke = Kc0 + Ke0 + ΔKc + ΔKe     (1.7) 
Kc = Kc0 + ΔKc          (1.8) 
Ke = Ke0 + ΔKe          (1.9) 
Where Kec refers to total erosion-corrosion rate, Kc0 and Ke0 refer to the corrosion 
rates of chemical corrosion and pure erosion without contribution from the other, 
and ΔKc and ΔKe refer to the effect of chemical corrosion and pure erosion on the 
other. This model will be discussed in depth as it is very commonly used in erosion-
corrosion studies. Its merit is that it is a simple mathematical expression that 
accounts for the synergism of erosion and corrosion physically. However, it also 
has some significant problems, most importantly that the chemical and mechanical 
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corrosion factors are mathematically decoupled, and that each individual term has 
no physical meaning-each corrosion type cannot be isolated in the environments 
considered. 
Having discussed the merits and flaws of the model in question, Stack and Wang 
created a mechanism map by introducing mathematical criteria concerning the 
ratio Kc/Ke. This mechanism map may be based on empirical knowledge and have 
important assumptions in its construction, but it provides a predictive look on the 
mechanism of erosion-corrosion that can be applied to any environment and any 
potential, including the active and transpassive regions. 
Stack’s theoretical mechanism map has been used as the basis of a significant 
number of follow-up work that applied the model in different environments and on 
different materials. The main common point of these studies is the mild pH (4-10 
in most cases) and the use of alumina as the erodent. However, there is no 
consensus about the validity of this type of predictive erosion-corrosion mapping, 
or on the relevant variables that contribute to the erosion-corrosion regime and 
mechanism. While not as popular as the Stack map, a few scholars, such as 
Poulson (1999)30, have suggested the mass transfer coefficient, rather than wall 
shear stress, as the determining variable in the prediction of the erosion-corrosion 
mechanism. This also led to the consideration of elastic stresses imposed on the 
surface through flow pressure as an important factor that temporarily thinned the 
passive film and accelerated corrosion. Generally, the mechanisms are broken 
down as follows: 
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1-Erosion-dominated, found at extremely high flow velocities, where damage due 
to particle action is much greater than the effect of corrosion, the corrosive 
chemical mainly serving as a path for the particles to reach the surface, 
2-Corrosion-dominated (dissolution-dominated), found at low flow velocities, 
where chemical removal of surface material far exceeds the damage caused by 
erosive effects, 
3-Dissolution-erosion, mainly found in acidic pH regions, involves an active 
surface that is also subject to erosion damage 
4-Passivation-erosion, usually seen in alkaline conditions, where passivation 
occurs but is negatively affected or completely cancelled by flow effects and 
particle action. 
Mechanism studies have focused on directed jets, including solids only, corrosive 
medium only and both combined, to calculate the terms on the simplified 
expression given above. RCEs and the complex flow involved were not 
considered. An example of an erosion-corrosion map is shown in Figure 1.2.3. 
Studies concerning the impact of variables have been performed as well, mainly 
focusing on particle size effects. However, the materials used are very industry-
specific as seen on Aminul Islam et al. (2013)27 and Stack, James and Lu (2004)31 
as examples (the former used pipeline steel X70 while the latter used a non-
standard steel with 12% Cr. The common finding of these studies was that 
increasing particle size increases overall corrosion rate up to a threshold value, 
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Figure 1.2.3: Erosion corrosion mechanism maps for a) Mild Steel and b) 304 SS 













A significant amount of erosion-corrosion research has been done and published, 
but mostly in near neutral or acidic pH, mostly seawater or other aqueous and non-
aqueous environments, sometimes with dissolved gases that are acidic (e.g. CO2, 
H2S). Work has also been done to create disturbed flow and measure accelerated 
corrosion rates due to erosion corrosion. Most of these studies were empirical 
studies to determine safe operating conditions for a given material under flow.  
However, there are gaps in the scientific understanding of erosion-corrosion, most 
importantly the lack of published research in the high pH region and the lack of 
exploration of key fluid properties such as viscosity and its effects on the erosion-
corrosion process. The extent of flow effects on corrosion and the exact 
mechanism in alkaline conditions are not systematically studied.  Passive film 
composition and properties depend on the alloy composition as well as on 
environmental factors, where pH is one of very important factor. Therefore, the 
effect of flow on breakdown of passive film, as well repassivation of alloy in a given 
environment will depend on the pH. Furthermore, the impact of two-phase flow 
with liquid and solid particles has not been thoroughly explored under alkaline 
conditions. This project aims to solve these problem of fundamental understanding 
while also addressing the needs and applications of the industries that employ 
steels under alkaline conditions in their crucial equipment. The effects of viscosity, 
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the impact of high pH and the role of particles will be quantified in order to fill some 
of these holes in the current understanding of erosion-corrosion. 
This study responds to failures observed in industries, such as pulp, paper, 
petrochemical and some pharmaceutical industries using alkaline streams, caused 
by erosion-corrosion under high pH conditions. Certain chemical streams in the 
pulp mill are very viscous (e.g. concentrated black liquor) due to the presence of 
dissolved organic constituents, have high alkalinity, and may contain suspended 
hard particles. The objective of this study is to determine the mechanism of 
erosion-corrosion of steels under flow conditions in pulping liquors and show how 
and why passivity is compromised in these environments and flow conditions. The 
main result expected from this study is the information about the mechanism of 
flow-assisted erosion-corrosion of commonly used steels in pulping liquors under 
different particle properties, temperatures, surface conditions and environments. 
The focus will be on the interplay of viscous and inertial effects and thus the effect 
of the viscosity of the test solution, which has not been done before. Examples of 
information to be gained through this project include the way caustic environments 
change protective film properties, possible preferred attack sites such as inclusions 
or other phases at the surface, the mechanism of flow-affected corrosion due to 
the transportation of reactants/products and the mechanism of flow-affected 
corrosion due to the breakdown of passive film. This study will systematically 
explore the relationship of flow parameters with corrosion characteristics in caustic 
environments, and produce quantitative data about the effect of dregs and particles 
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on erosion-corrosion and the relationship between the mechanical and chemical 






















The main hypothesis for this Ph.D. project related to the flow-assisted erosion-
corrosion of steels in pulping liquors is the following: 
 Flow above a certain rate accelerates corrosion by breaking down the passivity 
of alloys that relies on the passive film formed at the surface and provides 
corrosion protection. The possible mechanisms include: 
 direct breakdown of the passive film at an equal or greater rate than it can 
form through shear forces caused by flow, leading to active corrosion with 
sufficient loading,  
 prevention of repassivation of dissolved metal ions through the flow carrying 
them away from the corrosion surface.  
 The environment affects film properties, which in turn influence corrosion rates. 
The inclusion of hard particles or dregs as well as shear forces above a certain 
threshold shear stress due to higher flow speed or higher viscosity may 
increase corrosion rate through more severe mechanical effects on the surface.  
 The mechanical and chemical effects may be coupled with a synergy that 






GENERAL EXPERIMENTAL INFORMATION 
 
Most existing testing protocols for erosion-corrosion portray it as a type of wear 
and involve exposing a sample to a fluid jet carrying erosive particles, including the 
ASTM standard16. The theory of the Rotating Cylinder Electrode (RCE) in 
electrochemistry has been discussed in the background section and can be 
referenced in papers by D.C. Silverman (1987, 2004). 
The Rotating Cylinder Electrode (RCE) experimental setup is shown in Figure 3. 
The white liquor for testing is prepared using reagent-grade anhydrous sodium 
hydroxide (NaOH) and sodium sulfide nonahydrate (Na2S.9H2O) pellets, with a 
final concentration of 150 g/L NaOH (3.75 M) and 153.8 g/L Na2S.9H2O (0.64 M). 
Anhydrous alumina (Al2O3) particles of average size 50-1000 microns were 
procured for hard particle effect simulation. Corrosion experiments are performed 
using an RCE attached to a rotational speed controller. The samples were used 
as working electrodes in the three-electrode electrochemical cell, were 1 inch (25.4 
mm) long and had a radius of 1/8 inches (3.18 mm). The materials were G10180, 
S31603 and S32205 steels and their compositions are given in Table 2. Each 
sample surface was sequentially ground using 400, 600, 1000 and 2000-grit sand 
paper to guarantee a comparable amount of surface roughness, except for the 
surface roughness tests where the surface was ground with the desired grit sand 
paper after the completion of this process. The counter electrode was constructed 
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from a platinum foil attached to an insulated platinum wire that was immersed in 
the test solution, and a Saturated Calomel Electrode (SCE) was used as the 
reference electrode. The salt bridge was attached to the bottom of the electrode 
assembly and tipped with polyethylene or ceramic frits to protect against chemical 
damage due to the caustic environment. The use of polyethylene or ceramic frits 
was found to be equivalent to each other in terms of data, resolution and potential 
values. The entire cell was held inside a water bath of controllable temperature up 
to the boiling point of water, and the legs of the water bath were additionally 
supported with rubber in order to dampen vibrations during high-rpm operation. 
The test solution was maintained at the test temperature with a water bath that is 
precise to +-0.1oC. 
The sample was rotated in the test solution at various discrete speeds and 
electrochemical data was obtained using a linear polarization resistance (LPR) test 
after the open circuit potential was stabilized at each speed, and the space 
between the data points was simulated using a smooth line. LPR involves starting 
at 20 mV below the open circuit potential and scanning in (0.1 mV) increments until 
20 mV above the OCP, measuring the current response. The slope of this plot at 
the OCP is directly related to the corrosion rate. An analysis program (Gamry 
EChem AnalystTM) was used to convert the current data to material loss over time 














Figure 4.1. Rotating Cylinder Electrode (RCE) setup 
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For scratch tests, which reveal what happens when the passive film on the surface 
is forcibly broken, a diamond scriber was pressed against the rotating cylinder at 
1000 rpm for 5 seconds, then retracted before returning the cylinder to the 
rotational speed to be tested. Efforts were made to have equal surface area of 
sample exposed for each tested condition. This was verified after the test was 
finished. The current response and the repassivation time was recorded as the 
time it took from the time of the scratch until the stabilization of the resulting 
potential. 
It is clear that the fluid must be characterized in order to calculate such 
dimensionless numbers. Relative density was measured by weighing a 5 mL 
measuring cylinder while empty, while filled with deionized water and with white 
liquor with no additives. After ten measurements, the average relative density was 
found to be 1.17, corresponding to a density of 1170 kg/m3. Five viscosity 
measurements for white liquor without additives were made using a Cannon-
Fenske type capillary viscometer at 40oC, and was checked using an Ubbelohde-
type capillary viscometer. The viscosity was determined as 2.434 cSt at 40oC, 
about 2.5 times as viscous as DI water. 
A quick calculation using these values shows that in the experimental setup at 500 
rpm, Re = 1740 >> 100 = Rec, and therefore the flow is turbulent at all times, 
however, this critical Reynolds number from theory may not apply to the RCE setup 
with a much higher distance between the rotating cylinder and the outer stationary 
cylinder, as will be shown in Chapter 5. The random component of turbulent flow 
gets larger and less predictable at higher Re, and this may account for part of the 
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oscillating measurements during the experiments at high RPM (in addition to loss 
of contact). Similarly, the Taylor number in the same conditions (500 rpm) is 
calculated as Ta = 6071 >> Tac. Taylor axial instabilities will be present at any 
rotational speed, due to the very low viscosity. This can be treated as a random 
effect as long as measurements are reasonably far away from the head and the 
tip of the RCE, since the Taylor instabilities will occur at the ends of the sample. 
 






UNS # G10180 S30403 S31603 S32205 
C 0.20 0.03 0.03 0.02 
Mn 0.90 2.00 2.00 2.00 
P 0.040 0.045 0.045 0.03 
S 0.050 0.03 0.03 0.02 
Si 0.90 0.75 0.75 1.00 
Cr - 18-20 16-18 21-23 
Ni - 8-12 10-14 4.5-6.5 
Mo - - 2-3 2.5-3.5 
N unknown 0.10 0.045 0.17 





In order to avoid any silica reaction with the strong alkali test solution (white liquor), 
a plastic beaker was used for all experiments. Besides the electrochemical 
advantage, use of polyethylene also provides less sensitivity to vibrations and the 
capability of a screwed-on cap to prevent spatter at high speeds. The beaker was 
held with a ring clamp and padded with folded tissue paper in order to further 
reduce vibration and possible deformation effects. While the entire natural 
frequency range was around 8500-9000 rpm, vibration remained an issue. As a 
remedy, the entire setup was isolated from the table through the use of simple 
stoppers. This drastically lowered spatter and noise at all speeds, and seems to 
have lessened the amount of foam that forms during high speed tests. 
Polyethylene and ceramic frits on the reference electrode took care of the 
electrode longevity problems in the alkali environment as well. In this way, the RCE 
setup’s limitations were minimized and the data reliability increased. 
Composition was determined before and after testing using an Oxford X-Met 8000 
handheld XRF device and surface examinations were performed with a light 
microscope and/or Nanovea Profilometer. As sample preparation after the test, 
possible surface residues were removed by sequentially washing with distilled 







CHARACTERIZATION OF WHITE LIQUOR AND FLOW REGIMES 
 
5.1 Introduction 
The systematic study of erosion-corrosion can be tackled practically or rigorously. 
A practical study would center around an attempt to recreate environmental 
conditions encountered in the applications of steel in the pulp and paper or similar 
industries. A rigorous approach is to standardize the tests and make sure only one 
variable is effective at any time such that each variable within the erosion-corrosion 
testing setup can be isolated and evaluated individually. A rigorous approach has 
been chosen for this work due to its greater scientific significance and better 
prospects of gaining concrete knowledge in order to figure out the mechanism that 
drives the erosion-corrosion phenomenon. 
Black liquor is considered the primary culprit in evaporator erosion-corrosion and 
other areas in pulp and paper operations where erosion-corrosion has been 
observed, including concentrators, separators, black liquor tanks, valves and 
piping. This is due to its inclusion of both organic particles (from the matrix of the 
wood) and inorganics (mainly from the tree bark and from inclusions that came 
with the wood chips), which can contribute to the erosion processes. However, 
black liquor also has an extremely variable chemical composition. As the 
composition depends on the type of trees being pulped and the characteristics of 
the individual chips, black liquor is more accurately described as a broad family of 
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solutions with differing chemical or physical properties. Therefore, industrial black 
liquor was not used as a test solution for the study of erosion-corrosion. Instead, a 
simulated pulping liquor, with the inorganic compositions similar to the white liquor 
was chosen. The white liquor is used for pulping of wood chips rather than being 
the result of pulping. White liquor recipes vary from mill to mill, but this study used 
a white liquor produced by dissolving 150 g/L sodium hydroxide (NaOH) and 153.8 
g/L sodium sulfide nonahydrate (Na2S.9H2O) in deionized water. Although the 
viscosity of the test solution was varied to simulate the effects of different 
concentrations of black liquor, but the inorganic composition is held constant 
throughout this study, and the test solutions in this thesis are referred as white 
liquor.  
This study focuses on determining the flow regimes that occur in the white liquor 
during erosion-corrosion tests. Flow characterization measurements were made 
by using cylindrical metal samples with the same geometry as that used in erosion-
corrosion tests. For this purpose, visual observation of the surface and of particles 
within the flow was conducted. There are two main flow regimes, laminar and 
turbulent, with a transitional region in between. Laminar flow involves fluid 
movement along flow lines without intermixing between different “layers” of the 
fluid. This means that individual volumes of fluid move only in the direction of the 
flow and parallel to the velocity field at all times. Visually, this flow regime manifests 
as a surface that does not change over time and does not have moving waves or 
swirls, as seen on Figure 5.3.1 (though standing waves and vortices can still exist). 
In contrast, turbulent flow does not have the deterministic velocity field or the 
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“layered” structure of laminar flow. Instead, random “turbulent” components are 
added to the shear stress acting on each fluid volume, leading to unpredictable 
velocity patterns, unstable vortices and mixing between different positions within 
the fluid. The appearance of turbulent flow involves moving waves, swirls, visible 
vortices and unstable velocity in the fluid itself. An example can be seen in Figure 
5.3.3. 
The change in the flow regime is often studied in accordance with a dimensionless 
flow parameter relating inertial force acting on the fluid with the viscous force, 




      (5.1) 
Where ρ is the density of the fluid, v is the flow velocity (or average velocity at the 
position if turbulent), D is a hydrodynamic characteristic length and μ is the 
dynamic viscosity of the fluid. While almost impossible to calculate, turbulence 
influences the effective viscosity of a fluid, and this “turbulent viscosity” can be 2-
3 times higher than the laminar dynamic viscosity. Using the aforementioned visual 
indicators, it is possible to roughly determine where the critical Reynolds number 
is, i.e. at which Reynolds number laminar flow starts transforms into turbulent flow. 
In practice, this is not a distinct Reynolds number value but a range, where a 
transitional wavy/swirly regime is visible on the fluid surface. 
The significance of the flow regime with respect to the erosion-corrosion is that any 
change in flow regime can strongly affect this phenomenon. For example, turbulent 
flow in a pipe results in a narrower boundary layer compared to laminar flow such 
31 
 
that the fluid velocity increases faster as a function of perpendicular distance from 
the surface. This, combined with the higher turbulent viscosity, causes a 
significantly higher shear stress to act on the surface of the pipe. The 
hydrodynamically similar rotating cylinder electrode (RCE) geometry as described 
by Silverman14 also features different average velocity profiles for both flow 
regimes, affecting the wall shear stress. 
The following equation by Silverman describes the relationship between RCE 












5/4                                                    (5.2) 
Where d refers to the diameter of the cylinder and pipe between which 
hydrodynamic similarity is to be established, Sc is the Schmidt number and u is 
the average flow speed in the cylinder and pipe between which hydrodynamic 
similarity is to be established. Using this equation, it is possible to link results from 
a set of RCE experiments to pipe flow equivalents for any pipe size. This is why 
RCE samples were used to study erosion-corrosion in this study. 
 
5.2 Experimental Procedure 
A 316L rotating cylinder test sample with a radius of ¼ in. was used for the flow 
characterization tests. Rotation of the test sample was carried out in a plastic 
beaker with a radius of 2½ inches containing 250 mL of pure white liquor with no 
additives. Care was taken to fully immerse the 316L rotating cylinder electrode in 
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the white liquor solution in order to avoid distorted results due to variable surface 
area. Rotation was carried out using a Pine Instruments speed controller and motor 
for rotating cylinder electrode testing. Rotational speed was varied between 0-
10000 rpm and Reynolds numbers were calculated as a reference variable for 
each flow regime. The viscosity of the white liquor at 25oC was determined with an 
Ubbelohde-type capillary viscometer as 2.85 cP and the density was measured by 
a graduating cylinder as 1.17 g/cm3. 
In order to observe fluid motion through a transparent container, a rotating cylinder 
electrode (RCE) made of 316L stainless steel was later rotated inside a white liquor 
solution in a 400 mL glass beaker while making visual surface observations and 
recording still photos and video footage for characterization. Due to the lack of a 
restraining system, the maximum rotational speed for the tests in the glass beaker 
without visual obstructions was limited to 6500 rpm. Erosive particles were also 
added in a set of tests. Silicon carbide particles (silvery-black) were used instead 
of the white alumina to enable easy visualization of these suspended particles in 
different fluid flow regimes. 
 
5.3 Results and Discussion 
Applying Silverman’s equation (Equation 5.2) to selected rotational speeds for a 
rotating cylinder electrode with a ¼-in radius yields Table 1. It should be noted that 
𝑢
𝑑1/7
 is a parameter which matches each rotational speed to an infinite number of 
flow speed and pipe size combinations, so with one set of RCE data, it is possible 
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to characterize flow in almost any size of pipe. Another important point is that the 
linear velocity on the surface is forced upon the fluid during RCE testing; due to 
the no-slip boundary condition at a surface, the fluid must match the speed at which 
the RCE is being rotated. This has two important implications: 
1- As the radius of the RCE is known, any point on the surface has a known 
circulation value (Γ = 2𝜋𝑟. 𝑢). In irrotational flow (which is defined as flow 
without curl, i.e. no vorticity throughout the velocity field), this can be used 
to calculate a velocity profile as circulation will be constant throughout the 
velocity field. 
2- The velocity of fluid decreases when moving away from the surface of a 
RCE as opposed to an increase in fluid velocity for traditional pipe flow or 
flow over a stationary surface. 
Pictures of the flow regime visual observation experiment are shown in Figures 
5.3.1-5.3.5. Each fluid surface observation was classified as in Table 5.3.1. 
The state of the solution at 500 rpm, as shown on Figure 5.3.1, is an example of 
the stable condition. No twists or transient motion is observed on the liquid surface, 
and any particles in the flow are observed to move with purely tangential velocity. 
Therefore, no “mixing” of layers occurs and each small volume of fluid moves along 
a pre-determined tangential path, like the definition of laminar flow. 
Figure 5.3.2 shows an example of the “swirly” condition at the liquid surafce. The 
flow has begun to be transitional rather than purely laminar, and swirls and twists, 
albeit stable, are seen on the surface. Paths of the small fluid volumes or particles 
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in the fluid are almost, if not fully, tangential and very little random velocity 
components exist if at all. 
 
Table 5.3.1: Descriptions of surface conditions pertaining to different flow regimes 
Stable No surface features; flow lines clearly observable 
Swirly Vortices start to form, giving the surface a twisted look, but fully 
stable 
Turbulent Surface motion appears random and chaotic, vortices 
destabilize 
Turbulent-Foamy Fully turbulent with foam formation 













Table 5.3.2: Corresponding flow variables for various rotational speeds in RCE 















Pipe flow eq. 
(upipe/d^1/7) 
(m6/7/s) 
0 0.00 0 0.00 0.00 
1000 104.72 798.76 0.33 0.97 
2000 209.44 1597.5 0.66 1.70 
3000 314.16 2396.3 1.00 2.35 
4000 418.88 3195.0 1.33 2.95 
5000 523.60 3993.8 1.66 3.53 
6000 628.32 4792.6 1.99 4.09 
7000 733.04 5591.3 2.33 4.62 
8000 837.76 6390.1 2.66 5.14 
9000 942.48 7188.8 2.99 5.65 














Figure 5.3.2: State of the solution at 2000 rpm; note the stable swirls on the 








Figure 5.3.3: State of the solution at 3000 rpm. The bubbles and blurry image of 
the surface (due to continuous motion) indicate that the vortices are destabilizing; 






Figure 5.3.4: State of the solution at 4000 rpm. Foam formation begins, making 





Figure 5.3.5: State of the solution at 6000 rpm. By this speed, foam has covered 
almost the entire solution and the fluid motion is fully turbulent and contains 
transient components. This foaming effect is far more prominent in a glass beaker 
than a plastic beaker, which is one of the reasons why plastic beakers were used 
for all tests in the other chapters (however, plastic beakers are opaque, so they 





At 3000 rpm, the swirls and vortices become unstable, and random motion within 
the white liquor solution appears, characterizing turbulent flow, as shown on Figure 
5.3.3. At this point the velocity field is no longer close to purely tangential and 
particles or pockets of fluid may change their radial positions randomly. As 
turbulence fully develops, the solution starts becoming opaque, as shown on 
Figure 5.3.4 at 4000 rpm. As speed increases further, the solution remains fully 
turbulent but takes on a foamy appearance, illustrated in Figure 5.3.5. Sputter 
happens when small amounts of fluid are launched out of the solution, but this can 
be mostly avoided by a well-made straight shaft and a well maintained setup. It still 
can happen around the natural frequency of the setup, which is marked by 
additional vibrations around 8000-9000 rpm, but is limited and does not cause 
significant loss of test solution. 
It is also important to check how erosive particles behave in solution, as it is 
important that they interact with the metal surface in order to contribute to erosion-
corrosion. It is clear that from 3000 rpm onward the particles form into a cloud in 
the solution, which can strike the surface under turbulent random radial velocity 
components. As Figures 5.3.6 and 5.3.7 show, higher turbulence still distributes 
the erosive particles as a cloud within the solution. This shows that erosive 
particles can be used without additional additives to interact with the surface in 




Figure 5.3.6: Solution at 3000 rpm with silicon carbide particle addition. Note the 




Figure 5.3.7: Solution at 4000 rpm with silicon carbide addition. The centrifugal 
forces and the lower turbulence away from the surface force the particles to form 





Figure 5.3.8: Summary of results concerning flow regime, 0-10000 rpm 
 
Figure 5.3.8 shows that while the critical Reynolds number, which constitutes the 
limit between laminar and turbulent flow regimes, is around 2500-5000 at different 
viscosities (due to temperature variance, 25-90oC) based on visual observation. 




 The critical Reynolds number, where laminar flow changes to turbulent flow, 
for an RCE rotating in a white liquor solution in a 400 mL beaker varies with 


































 The solution becomes opaque at Reynolds numbers above 5000. 
 Particles are carried within the solution starting around 2500 rpm and can 




















TEMPERATURE EFFECTS ON THE EROSION-CORROSION OF STEELS 
 
6.1 Introduction 
Erosion-corrosion is an important issue in the complex flow systems found in a 
number of chemical process industries.1-11 Erosion-corrosion is defined as an 
accelerated loss of material under the combined influence of mechanical and 
chemical environmental factors in a flowing system. However, erosion-corrosion 
of steels in alkaline systems subjected to flow effects has not been systematically 
explored, and thus insufficient data exists to explain or predict erosion-corrosion 
failures observed in certain chemical processes, e.g. in the pulp and paper 
industry. Research performed so far has either focused on carbon steel, which 
may be inadequate under given chemical processing conditions, or considered 
weak alkalis and/or with limited data for flow speed and other environmental 
variables. 
In the presence of flow the corrosion process changes in two principal ways. First, 
the flow enhances the transportation of reactants and products to or from the 
surface. Local inhomogeneities are diminished and products may be transported 
away from the surface faster. Second, flow may cause shear stresses on the walls 
of obstacles, such as vessel walls, weld beads, throttle valves, pump housings and 
impellers etc. which introduces a mechanical component to the chemical corrosion 
process. If particles or multi-phases are included in the flow, this leads to flow-
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assisted erosion-corrosion, a combined chemical and mechanical corrosion 
mechanism where passive films may be disrupted mechanically leading to the 
chemical oxidation of the exposed metal surface to reform the film, entering a 
vicious cycle of accelerated corrosion until the failure of the affected part. One of 
the main measures of flow in fluid mechanics is the Reynolds number, which 
represents the ratio of the inertial forces of the flow to the viscous forces due to 







       (6.1) 
where ρ is the density of the fluid, μ is the dynamic viscosity,  = μ/ρ is the kinematic 
viscosity, V is the flow velocity and D is a characteristic length (D=pipe diameter 
for pipes and D=the length of the cylinder for a rotating cylinder electrode (RCE)).  
Previous research has shown that the introduction of alumina particles into white 
liquor (solution containing sodium hydroxide and sodium sulfide) had the effect of 
increasing the corrosion rate.13 Comparing different alloys has also led to the 
conclusion that carbon steel performed best in this environment at room 
temperature, as long as the native oxide film remained intact, while repassivation 
after film breakdown was not achieved under high flow rate conditions. Duplex and 
austenitic stainless steels suffered slightly higher corrosion rates while the carbon 
steel passive film was intact, but once the native film on carbon steel was broken, 
the austenitic and duplex stainless steels showed much higher resistance to flow 
induced corrosion than carbon steel. Experimental data suggests that austenitic 
and duplex stainless steels are practical choices for flow-affected liquor-handling 
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equipment in pulp-mills, as random damage to the passive film could be easily 
repaired on these alloys.  
Previous work performed on corrosion in pulping liquors has been focused on the 
effect of chemical composition in static environments at pulp mill-characteristic 
temperatures.17-21 Such studies attempted to simulate the exact conditions the 
materials were exposed in pulp mills while varying the chemical concentrations of 
suspected aggressive anions, such as sulfides. While these are undeniably 
important research, their limitations are also substantial: They do not take into 
account the dynamic conditions with flow encountered in affected pulp mill 
equipment and prefer to regard corrosion as a purely chemical phenomenon; there 
is also no consideration of organic and inorganic particles that may be present in 
white liquor. This study aims to provide an insight into the effect of temperature on 
corrosion of steels exposed to pulping liquors under flow conditions and in the 
presence of erosive particles. This study concentrates on studying the erosion-
corrosion behavior for tested alloys as a function of temperature under the 
influence of flow and solid content in a setup that allowed an observation of 
turbulence and subsequently the critical Reynolds number. 
 
6.2 Experimental Procedure 
The electrochemical testing method using an RCE has been documented by 
Silverman.12, 14 The empirical methods presented by Silverman provide a clear 
relationship between the flow variables in an RCE setup and those in an equivalent 
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pipe flow, typical of what would be expected in the industry. The relevant flow 
parameters for each rotational speed setting are given in Table 6.2.1. 
The test solution (white liquor) for corrosion testing was prepared using reagent-
grade anhydrous sodium hydroxide (NaOH) and sodium sulfide nonahydrate 
(Na2S.9H2O) pellets, with a final concentration of 150 g/L NaOH (3.75 M) and 
153.8 g/L Na2S.9H2O (0.64 M). Anhydrous alumina (Al2O3) particles of average 
size 50 to 1000 microns were procured and used in varying quantities to simulate 
and study the effect of hard particles in erosion-corrosion.  
The Rotating Cylinder Electrode (RCE) experimental setup used for erosion-
corrosion tests in this study is shown in Figure 6.2.1. Cylindrical alloy samples, 
used as working electrodes in the three-electrode electrochemical cell, were 1 inch 
(25.4 mm) long and had a radius of 1/8 inches (3.18 mm). The materials tested in 
this study were G10180, S31603 and S32205 steels and their chemical 
compositions are given in Table 6.2.2. Prior to erosion-corrosion tests, each test 
sample was sequentially ground using 400, 600, 1000 and 2000-grit sand paper 
to obtain a consistent surface roughness. The counter electrode was constructed 
from a platinum foil attached to an insulated platinum wire that was immersed in 
the test solution, and a Saturated Calomel Electrode (SCE) was used as the 
reference electrode. The salt bridge with polyethylene or ceramic frit tips was 
placed at the bottom of the rotating-electrode assembly. The electrochemical cell 
was placed in a water bath to control temperature. The test solution was 




Table 6.2.1: The relationship between pipe flow speed and linear velocity at the 












0 0.00 0 0.00 
1000 104.72 798.76 0.33 
2000 209.44 1597.5 0.66 
3000 314.16 2396.3 1.00 
4000 418.88 3195.0 1.33 
5000 523.60 3993.8 1.66 
6000 628.32 4792.6 1.99 
7000 733.04 5591.3 2.33 
8000 837.76 6390.1 2.66 
9000 942.48 7188.8 2.99 
10000 1047.20 7987.6 3.32 
 
 
The test-sample was rotated in the test solution at discrete speeds ranging 
between 0-10000 rpm and corrosion rate at each speed was measured using the 
linear polarization resistance (LPR) method.  At each given rotational speed, time 
was allowed for the open circuit potential (OCP) to stabilize. After the OCP had 
stabilized, a LPR test was performed which involved starting a potential scan at 20 
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mV below the open circuit potential and scanning in (0.1 mV) increments until 20 
mV above the OCP at a scan rate of 0.1mV/s while measuring the current 
response. The slope of this plot at the OCP is directly related to the corrosion rate.  
Repassivation behavior of tested alloys under flow conditions was studied using 
scratch tests on RCE setup. For scratch tests a diamond scriber was pressed 
against the rotating cylinder at 1000 rpm for 5 seconds, then retracted before 
returning the cylinder to the rotational speed to be tested. Efforts were made to 
have equal surface area of sample exposed for each tested condition. This was 
verified after the test was finished. The current response and the repassivation 
time was recorded as the time it took from the time of the end of the scratching 
process until the stabilization of the resulting potential. 
The calculation of the Reynolds number of each test requires the viscosity of the 
fluid, which was calculated using a Cannon-Fenske Type 0 capillary viscometer 
and found to be constant at an average of 2.434 cSt (2.434E-6 m2/s) at 25oC for 
the white water used in this study, and viscosity at other temperatures were 
calculated by keeping the relative viscosity (with respect to water) constant, turning 
up the values 1.134 cSt at 60oC and 0.803 cSt at 90oC. 
The critical Reynolds number and transition from laminar to turbulent flow regime 
were observed visually on the test solution in a separate test where the solution 
surface was observed at rpm values that were increased by 500 rpm after each 
observation until the maximum tested rpm of 10000 was reached. This was 
necessary due to the published critical Reynolds numbers relying on a narrow gap 
between the RCE and the beaker, whereas with the experimental geometry used 
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in this study, a wide gap between the rotating sample and the beaker walls exists 
due to the difference between the diameters of the RCE (0.25 in) and the diameter 
of the beaker (4 in) used to contain the test solution. The results and discussion of 
































Table 6.2.2: Composition of steels used for study of temperature effects on 
erosion-corrosion 
Alloy C1018 304L 316L 2205 
UNS # G10180 S30403 S31603 S32205 
C 0.20 0.03 0.03 0.02 
Mn 0.90 2.00 2.00 2.00 
P 0.040 0.045 0.045 0.03 
S 0.050 0.03 0.03 0.02 
Si 0.90 0.75 0.75 1.00 
Cr - 18-20 16-18 21-23 
Ni - 8-12 10-14 4.5-6.5 
Mo - - 2-3 2.5-3.5 
N n/a 0.10 0.045 0.17 










6.3 Results and Discussions 
6.3.1 Preliminary Tests 
All preliminary tests were performed at 25oC in a round electrochemical cell. All 
results of the preliminary room temperature tests are shown comprehensively in 
Figure 6.3.1. An outlier, C1018 carbon steel at 0 g/L of alumina at 10000 rpm, with 
a corrosion rate of 181.2 mpy (4.60mm/y), is not shown. At a glance, it is clear that 
the presence of suspended solids have a significant effect on corrosion rate.  
There seems to be little difference between the 10 g/L and 100 g/L measurements, 
however, this is not surprising since the visual inspection of the experimental setup 
showed that both with 10 and 100 g/L alumina contents, some of the alumina 
tended to settle down in the solution and take no part in the erosion-corrosion 
processes. Another feature to be noted is that there are slight variations in each 
material’s corrosion rate with no fully discernible pattern, especially at higher solid 
content. This reflects the variation in data, which may be due to the microscopic 
differences of each sample, random impingements and physics can turn out 
slightly differently and thus each sample under the same conditions should not be 
expected to perform exactly the same. The corrosion rates appear to be inside a 
“band” of possible values. Over five tests, the variation appears to be in the range 





Figure 6.3.1: Corrosion rate for different alloys as a function of rotational speed. 
Tests were done in simulated white liquor, without or with alumina added (amount 



















































































































In each case, there is a relatively large increase in corrosion rate at either 8000 or 
10000 rpm. 
6.3.1.1 C1018 Carbon Steel 
As expected, carbon steel was most susceptible to corrosion in a simple white 
liquor environment, compared to the stainless and duplex stainless steels tested. 
While its laminar peak is smaller, it has total film breakdown and active corrosion 
with residual corrosion products remaining at preferred attack sites with no solids 
and at 10000 rpm, as shown on Figure 6.3.4. This was normal due to the inability 
of carbon steel to repassivate once activity is achieved, especially under high flow 
velocity conditions. In the presence of solids, while it is difficult to see on Figure 
6.3.5, it generally shows a higher corrosion rate than the other metals as well. This 
is logical as the presence of solids would help strip off an unstable oxide film. Also, 
the high rpm peak seems to occur generally earlier than 8000 rpm, since all but 





Figure 6.3.4: Summary of results for C1018 carbon steel 
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6.3.1.2 304L Austenitic Stainless Steel 
 
 
Figure 6.3.6: Summary of results for 304L stainless steel. 
 
304L stainless steel shows rather stable passive behavior, having a higher-than 
8000 rpm peak in all but the 1 g/L test. The corrosion rates are low and provide a 
better corrosion and erosion-corrosion resistance than the C1018 in pure white 
liquor (see Figure 6.3.4). A microscopic examination shows little to no obvious 

































Before                                                                           After 
Figure 6.3.7: Optical micrograph of 304L RCE (side view) before and after erosion-
corrosion test. 
 
6.3.1.3 316L Austenitic Stainless Steel 
 


































316L steel, as shown in Figure 6.3.8, showed a good corrosion performance 
throughout the entire series of tests, with the exception of the pure white liquor 
test. However, corrosion performance in the presence of alumina particles needs 
to be further explored to understand the actual trends (see section 6.3.2). When 
tested with 10 g/L alumina particles, corrosion rate increase did not even happen 
until 10000 rpm. Just like with 304L, all corrosion values are acceptable and low 
for 316L steels, and light micrographs show no evidence of corrosion products on 
the surface (Figure 6.3.9). 
 
 
Before                                                                           After 








6.3.1.4 2205 Duplex Stainless Steel 
Other than showing a surprising worst performance in solution with 1 g/L alumina 
content, 2205 stainless steel is generally the best performing of the steels 
examined, as shown on Figure 6.3.10. In both pure white liquor and high solid 
contents the corrosion rate remains low and sharp rise always occurs above 8000 
rpm, if at all.  
 
 
Figure 6.3.10: Summary of results for 2205 duplex stainless steel. 
 
With this strong performance, it seems that commonly used duplex stainless steel, 
DSS 2205, is a superior alloy for pulping equipment and evaporators. While not 































such that it is more likely to be in the “no corrosion, no erosion” zone described by 




Before                                                                           After 
Figure 6.3.11. Optical micrograph of 2205 RCE (side view) before and after 
erosion-corrosion test 
 
6.3.1.5 Summary of Preliminary Tests 
Study of the tested alloys shows that they are all admissible alloys for a white liquor 
environment at room temperature, but the carbon steel requires careful attention, 
as the corrosion activity under high flow conditions is very significant.  
Initial experimental results have shown that the introduction of alumina particles 
into white liquor had the effect of increasing the corrosion rate.13 Comparing 
different metals has also led to the conclusion that carbon steel performed best at 
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room temperature, as long as the native oxide film remained intact, while 
repassivation after film breakdown was not achieved. This meant that carbon steel 
was, on cost-effectiveness, the best material to use in room-temperature, low- or 
no-flow operations such as storage tanks. Duplex and austenitic stainless steels 
offered slightly higher, but still very low, corrosion rates, and were practical choices 
for a equipment affected by flow, as random destruction of the passive film could 
be easily repaired. However, most of the pulp and paper mill operations take place 
at elevated temperatures, where re-assessment of flow effects on accelerated 
corrosion is necessary, which leads to this study. The effects of temperature on 
corrosion processes are well-known; the rate of reactions increase, leading to a 
higher corrosion rate. This is demonstrated in an example shown on Figure 6.3.12. 
The difference of the corrosion rates is significant especially at higher rotational 
speeds (up to 50μm/yr, or 333% of the corrosion rate at lower temperature at 
10000 rpm). The corrosion rate difference becomes more pronounced as the 




Figure 6.3.12: The effect of temperature on the corrosion rate of S31603 (316L) 
austenitic stainless steel exposed to the test solution (WL, 1g/L Al2O3) without 
scratching. Corrosion rates measured in a lab environment by LPR and data points 
connected with smooth lines. 
 
However, due to excessive foam formation in the glass electrochemical cell, using 
the results in this section to draw any conclusions pertaining to overall corrosion 
rates or trends beyond the variability of critical rotational speed, the lack of 
significant effect of higher particle concentrations and the sensitivity of corrosion 
rate to high rotational speeds would be dubious. Therefore, the next step taken 
was to use a flat-bottom, plastic beaker in following tests with varying temperature 
in order to avoid foam formation and possible loss of contact between the flow and 





6.3.2 Rotating Cylinder Electrode Tests 
The corrosion rates of tested alloys as a function of rotational speed using RCE 
setup in white liquor are shown in Figure 6.3.13. The corrosion rate results show 
that C1018 carbon steel exhibits an active behavior, with corrosion rates above 1 
mm/year, in white liquor at 60 and 90oC, while the stainless steels show a 
significantly lower corrosion rates under equivalent flow conditions, probably due 
to passive film formation. Carbon steel shows a linear increase in the corrosion 
rate with respect to rotational speed, with the slope increasing with temperature, 
whereas, the stainless steels at each tested temperature display an initial range of 
rotational speed with no significant change in the corrosion rate with increasing 
rotational speed. This initial range was   followed by a sharp rise in the corrosion 
rate at a threshold speed which varies between alloys tested and temperature 
conditions. This threshold speed seems to be inversely proportional to 
temperature. Corrosion rates for stainless steels increased with an increase in the 
test temperature. 
In terms of individual performance of the materials from the rotational speed 
perspective, higher temperature leads to a higher corrosion rate for the tested 
materials and conditions. The corrosion rate of C1018 carbon steel in white liquor 
under tested flow conditions was less than or close to 0.02 mm/year at 25 oC. The 
corrosion rate was 1 mm/year at 60oC and further increased to more than 5 
mm/year at 90oC. Carbon steel at 60oC and 90oC exhibited active corrosion 
behavior where the corrosion rate significantly increased with temperature. At 
90oC, corrosion rate also increased with the rotational speed, which was not clearly 
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exhibited at lower test temperatures. Two plausible reasons for this change exist: 
this dependency could mean that the transport of reactants to the surface or the 
transport of corrosion products away from the surface has become the rate-
determining step at 90oC, or that the surface film has changed and become more 









































































Figure 6.3.13: Rotational speed-annual corrosion rate relationships for a. C1018 
carbon steel, b.304L austenitic stainless steel, c. 316L austenitic stainless steel, 































































Corrosion rates for active-passive alloys (austenitic and duplex stainless steels) 
were significantly lower than that for the carbon steel, as is shown in Figure 6.3.13. 
However, the dependence of corrosion rate for tested stainless steels with respect 
to rotational speed are very different, as shown in Figures 6.3.13b-d. There was a 
general trend where the corrosion rates increased for all tested alloys with an 
increase in the temperature. Although 316L stainless steel (SS) shows a much 
lower increase in corrosion rate compared to the other active-passive alloys, and 
the ultimate highest corrosion rate observed at 90oC is lowest for 316L as well, 
with about 0.08 mm/year vs. the observed maximum of 0.15-0.16 mm/yr for 304L 
SS and 2205 duplex stainless steel (DSS). 316L does, however, have the highest 
corrosion rate among active-passive alloys before the sharp increase of corrosion 
rate observed at higher rotational speeds; indicating that the native film formed on 
316L SS may be less protective in white liquor environment than 304L SS and 
2205 DSS. For stainless steel samples, extra tests were done to see if the 
damaged passive film at high rotational speeds is repaired upon lowering of 
rotational speeds. In these tests, the speed was gradually reduced from the 
maximum rotational speed and the corrosion rates were measured, as is shown in 
the part of each curve indicated by an arrow. For 2205 DSS, the increasing-speed 
part of the curve looks very similar to the corrosion rates measured upon reduction 
of rotational speed.  However, once the initial passive film was damaged, for 316L 
stainless steel the corrosion rate remained high until much lower rotational speeds 
were reached.  
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Although corrosion rates of alloys increased with an increase in test temperature, 
plots of rotational speed vs corrosion rate do not completely incorporate the effect 
of temperature on flow properties of these environments. Due to the significant 
effect of temperature on viscosity of pulping liquors, the same rotational speed at 
different temperatures will exhibit different flow behavior. Viscosity is a potentially 
major factor in erosion-corrosion, as it is a factor in the Reynolds number, wall 
shear stress and mass transfer coefficient under flow conditions. For water, it is 
well known that an increase of temperature from room temperature to 60oC causes 
a drop of viscosity to 46.6% of its value at room temperature, and by 90oC viscosity 
drops to one-third of its room temperature value. A lower viscosity means that at 
higher temperatures, inertial effects increase (reflected by a higher Reynolds 
number) and the wall shear stress changes due to changes in the viscosity and 
velocity profile near the surface. The shear stress may increase or decrease as 
decreasing viscosity (which would have decreased shear stress with the same 
velocity profile) also alters the velocity profile and thus the velocity gradient. These 
effects are hard to decouple from the effect of temperature itself, but they can be 
illustrated by normalizing the independent variable (rotational speed) to plot all 




































































Figure 6.3.14: Reynolds number-annual corrosion rate relationships for a. C1018 
carbon steel, b.304L austenitic stainless steel, c. 316L austenitic stainless steel, 
d. 2205 duplex stainless steel at different temperatures and 1 g/L alumina 






























































Results plotted in Figures 6.3.14a-d reveal that the general shape of Re vs. 
corrosion rate curves for active-passive alloys is similar to results from the flow-
assisted corrosion studies under flow undertaken previously by Chexal et al.15, 
consisting of an initial “flat” region where the corrosion rate is almost constant with 
respect to Reynolds number, up to a “threshold” value where corrosion rate 
increases rapidly and moves into a higher corrosion rate regime due to the 
breakdown of passivity under the shear resulting from the increased inertial effects. 
This “breakaway velocity” does not exist for the active C1018 carbon steel as a 
protective film does not form at any elevated temperature at all, but as seen in 
Figures 6.3.14b-d, the breakaway velocity exists for all active-passive alloys tested 
under flow conditions in a dilute white liquor-alumina slurry environment. This is 
illustrated in Figure 6.3.15, which combines all corrosion data at all temperatures 
for the active-passive alloys tested in this study and presents the corrosion rate as 
a function of Re. The good correlation achieved by applying a simple regression 
as a cubic polynomial on the dataset shows that the breakaway velocity exists 
under alkaline test conditions and seems to be almost independent of the type of 
alloy, occurring between Re=12000 to 15000 for all three stainless steels tested. 
This might indicate a similar passive film resistance to flow-induced shear for each 
tested stainless steel. However, this simplistic line of reasoning assumes that the 
mechanical properties of the passive film do not change much with the alloy 
compositions for tested alloys over the test temperature range.  
Judging by the data obtained during the rotation tests, it is clear that 304L steel 
has a very consistent trend with a rapid increase in Re around Re=12500 that does 
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not vary with temperature, while 316L stainless steel shows a more gradual 
increase in corrosion rate, but this rise starts at lower Re as temperature increases, 
which may be due to loss of film stability. This is also apparent in the reverse scans 
shown on Figure 6.3.13c, where an increase in test temperature clearly leads to a 
larger delay in repassivation after film breakage, since the corrosion rate stays 
significantly higher (up to four times) than the forward scan corrosion rate even 
when the Re was dropped to the regime where the passive film does not break 
during the forward scan. This film instability may manifest itself in a stronger way 
in longer-term tests. However, in the short exposure tests with rotational speeds 
used in this study, it was still somewhat visible in Figure 6.3.15, as 316L showed 
corrosion rates comparable to 2205 and 304L up to their breakaway Re, but had 
the highest corrosion rate when Re>20000, indicating lower resistance of its 
passive film under high shear conditions. Lower protection for 316L SS and 2205 
DSS may be due to the stability of molybdate ions in the narrow pH region, as is 
shown by the Pourbaix diagram shown in Figure 6.3.17, which may cause an 
unstable passive film to form on the stainless steel surface. 304L stainless steel, 
which does not contain a significant amount of molybdenum, generally showed a 
comparable or lower corrosion rate than 316L SS in equivalent erosion corrosion 
tests in white liquor environment.  
It should also be noted that the threshold Re for film breakdown does not 
correspond to the laminar-turbulent transition, indicating that the passive film is not 
instantly destabilized at the onset of turbulent flow. Combined with the fact that 
turbulent shear is always higher than the laminar shear, this may indicate that the 
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wall shear stresses are the major factor rather than the flow regime (i.e. laminar 
vs. turbulent) itself, which in turn indicates that a mechanical effect on stability of 
passive film, rather than a change in transport or chemical properties, may be 
responsible for the observed rapid increase in corrosion rate. 
The shape of the flow-assisted corrosion (FAC) curves from the present study 
(Figures 6.3.14b-d and Figure 6.3.15) similar to the schematic of FAC by Chexal 
et. al15, shown in Figure 6.3.16, indicating a theoretical conformity with flow-
assisted erosion-corrosion. A certain flow regime, at which the corrosion rate 
increases rapidly, is observable for each active-passive material and at every 
temperature tested. This indicates that the initial passive film must have been at 
least partially broken under these flow conditions during the forward scan, leading 
to an increased corrosion rate. However, as most reverse scans had a somewhat 
higher corrosion rate, it can be concluded that the flow has an asymmetric, almost 
hysteresis-like effect where high shear is required to initially breakdown passivity, 
but once broken, even a lower Re is enough to at least partially prevent 
repassivation of tested stainless steels in high-pH pulping liquor environments. 
While the test results provide an important insight into the erosion-corrosion 
behavior of different categories of steels under flow in alkaline conditions, it should 
be noted that there are some limitations associated with the RCE tests performed. 
The tests were based on electrochemical data obtained using the LPR method 
only, which means that any pure mechanical damage caused by the flow (which 
does not completely expose a bare metal causing an increase in the corrosion 
activity) is not included in the data, and assumptions associated with the utilization 
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of a Tafel slope are in effect. The former is not an important issue, as pure 
mechanical damage is unexpected at the temperatures and speeds tested, as 
illustrated in previous works, e.g. Stack’s corrosion mechanism maps22. 
Additionally, the tests were performed sequentially and in a small amount of 
exposure time (measured in minutes), i.e. the time it takes for potential to stabilize. 
Long-term film stability was therefore not a factor in the tests. 
 
 
Figure 6.3.15: FAC curves for active-passive alloys tested under all 









































Figure 6.3.16: Flow-assisted corrosion (FAC) rate vs. flow velocity for an active-
passive alloy, based on 15. 
 
 
Figure 6.3.17: The potential-pH diagram (Pourbaix diagram) for the Mo-H2O 
system, calculated by HSC Chemistry software16. The MoO42- region (the soluble 
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Based on the erosion-corrosion results for tested alloys in high pH white water at 
different temperatures presented here, following conclusions can be drawn: 
1- C1018 carbon steel corrodes actively in white liquor at elevated 
temperatures under the tested flow conditions in the presence of hard 
particles, while 304L SS, 316L SS, and 2205 DSS show active-passive 
behavior.  
2- Alloys which shows active-passive behavior also exhibited increased 
corrosion rates after a critical flow regime, which is better represented by 
the critical Reynolds number, Rec. 
3- At the same applied rotational speed, a higher temperature always resulted 
in a higher corrosion rate. However, the Reynolds number takes into 
account the viscosity changes due to temperature and thus should be the 
preferred independent variable when reporting corrosion rate changes due 
to temperature in erosion-corrosion systems. 
4- At a certain threshold Reynolds number, higher than the laminar-turbulent 
transition (critical) Re, corrosion rate increases rapidly as a function of Re. 
While flow speed is practical and easy to measure but the understanding of 
the erosion-corrosion process is better correlated to the Re rather than flow 
speed as other effects like temperature effects on the fluid (such as viscosity 
drop) are factored in. 
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5- Higher Re is needed to break a passive film than to prevent repassivation 
of an already broken film for 304L, 316L and 2205 steels, as shown by the 
higher corrosion rates on reverse scans.  
6- Mo content seems to cause a lower threshold Re with increasing 
temperature (316L SS, 2205 DSS) while this effect is not observable when 
Mo is not present (304L SS). 
7- Temperature increases the corrosion rate of the “flat” region of the Re-
corrosion rate curve. However, once the critical Reynolds number has been 
reached, the corrosion rate increase due to temperature is amplified by the 













ROLE OF SURFACE ROUGHNESS AND REPASSIVATION KINETICS ON 
EROSION CORROSION 
 
7.1 Surface Roughness Tests 
Surface roughness tests were performed by polishing samples with 120-grit and 
1000-grit sand paper before going through the standard RCE test setup. This was 
done by mounting the specimen on a screw connected to an electric motor and 
manually pressing sand paper on it as it rotates, with as uniform a force as 
possible. This has been performed with DSS 2205 only and validated with three 
repeat tests. The average of results is given in Figure 7.1.1. Note that this was 
done before the modifications to the RCE testing equipment, i.e. the plastic beaker 
and flat bottom. 
The results clearly indicate that higher roughness (i.e. lower grade) leads to a 
higher corrosion rate, but does not change the overall behavior. The overall 
corrosion rate is low, and the increase is slight (though in terms of percentages it 
is a 100-300% increase). These tests are not intended to draw any quantitative 
conclusions concerning the effect of surface roughness on the erosion-corrosion 
process, but demonstrate the fact that an effect of the initial surface quality on the 
erosion-corrosion rate exists. This proves the need to standardize surface 
preparation before erosion-corrosion testing in order to avoid the distortion of 
results. This was implemented throughout the studies undertaken in this work by 
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grinding the surface to 2000 gr/in2 quality before any tests and using fresh samples 
for each test. 
 
 
Figure 7.1.1. The effect of surface roughness on corrosion rate of 2205 DSS in 
white liquor, containing 1 g/L of 50 micron alumina particles at room temperature. 
 
7.2 Dynamic Scratch Tests 
Scratch tests have been used extensively in static environments to study 
repassivation kinetics and properties for several decades. Curiously, however, this 
technique has not been applied to a dynamic environment before. In this series of 





























alumina particles after their passive film had been eliminated. To accomplish this, 
open circuit potential was allowed to stabilize before scratching the sample with a 
diamond scriber until an absolute -1.00 V vs. SCE potential had been reached. 
The existence, speed and effectiveness of repassivation was observed after the 




































Figure 7.2.2: Behavior of 316L Stainless Steel in artificially scratched RCE testing. 
 
 































10 g/L, 1000 micron






























10 g/L, 1000 micron
1 g/L, 1000 micron
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Examination of the corrosion rates reveal that after scratching, 316L SS and 2205 
DSS return to (more or less) their original corrosion rate without a scratch (see 
section 6.3.1), showing that these steels are able to repassivate at room 
temperature even after the film has been artificially destroyed. Such materials 
should perform well if a random particle interaction breaks the film in actual 
industrial application. Both at 0 and 10000 rpm, the corrosion rate observed on 
scratched C1018 CS is much higher than the corrosion rate without a scratch. At 
0 rpm it is around twice the corrosion rate observed without scratches, and at 
10000 rpm, up to a 100-fold increase in corrosion rate is observed. It is therefore 
safe to assume that carbon steel, while highly resilient when undisturbed, is unable 
to repassivate in an environment containing white liquor and alumina particles 
even at room temperature. C1018 also shows significant sensitivity to particle size, 
as shown on Figure 7.2.1, though Chapter 8 demonstrates that this effect is 
present in other materials as well at higher temperatures (and thus higher 
corrosion rates). 
 
7.3 Potential curves during stabilization 
Potential evolution expected during the stabilization phase of a scratch test (just 
after the scratch) is shown on Figure 7.3.1, assuming repassivation and not 
continuous active corrosion. Figure 7.3.2 shows that such a response is indeed 
produced in reality. Curves with such appearance indicate at least partial 
repassivation. The events after a scratch proceed as follows: 
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Initial delay (<5 s) 
Rapid potential drop due to initial corrosion as film adjusts 
Gradual rise as film re-forms/passivates OR corrosion rate stabilizes 
Difference between the potential at t=20 s and final stabilized potential is 
defined as ΔE, the potential difference/potential shift 
ΔE can be positive or negative: 
>0 - some repassivation or reduction of corrosion rate 
<=0 - no repassivation; activity 
The definition of this parameter leads us to the next section. 
 
 




Figure 7.3.2: Real potential response to a scratch of 2205 DSS at 5000 rpm, White 
liquor and 1 g/L alumina 
 
7.4 Potential Shift 
Potential shift, as defined in the previous section, is not a conventional measure. 
It is proposed as an experimental parameter to watch and projected to contain 
useful information about the corrosion behavior of a particular alloy in a specific 
environment. 
Corrosion potential is linked to corrosion rate; more negative generally means 
more corrosion for the same material under the same conditions, as essentially 
oxidation is occurring at a less oxidizing environment. Indeed, for the same 
materials, lower corrosion potential often meant a higher corrosion rate. However, 

























However, the potential change during the stabilization phase of the experiment 
after scratching may give an idea about how the film reacts to changing conditions; 
temperature, flow speed, environment etc. More stable films, which offer more 
protection, may mitigate potential drops faster and/or more completely. Therefore, 
ΔE may provide a practical, indirect measure of the quality of the passive film and 
thus the performance of the material under a given set of conditions, especially 
since in field conditions potential difference is easier to measure than current. 
Therefore, a series of tests to evaluate potential response and quantify potential 
shift in our environment of interest (white liquor with alumina particles) was 
performed. The procedure is outlined below: 
 White liquor is spiked with 1 g/L alumina. 
• Changes in RPM are performed with an initial delay of no more than five 
seconds 
• Sweep RPM from 0 to 10000 much like the previous LPR-scratch tests, 
record potential over time 
• Obtain ΔE data and plot for each material involved 
• C1018 Carbon Steel 
• 316L Austenitic Stainless Steel 
• 2205 Duplex Stainless Steel 
• Perform reverse scan/repeat for reliability (optional) 
89 
 
Note that this experiment can be done with or without artificially destroying the 















































Figure 7.4.1: Potential shift in forward and reverse RPM sweeps for a.Carbon Steel 
C1018, b.Austenitic Stainless Steel 316L and c.Duplex Stainless Steel 2205. 
 
The initial increase and later decreasing potential shift is apparent in Figure 7.4.1. 
The lower rpm range has no data points (between 0-5000 rpm) but as the rotational 
speed increases, hard particles start erosively damaging the capability of 
regenerating the destroyed passive film, lowering potential shift. The reverse scan 
data is much harder to interpret due to residual activity from the forward scan in 
the sequential test. Some data points had to be omitted. 
Looking at the specific materials, it is clear that the inadequacy of C1018 in erosive 
caustic environments is once again demonstrated. The potential shift value of zero 
corresponds to no capability to reform the passive film in the test environment, and 




















2205 DSS 25C 2205 DSS 25C (rev) 2205 DSS 60C 2205 DSS 60C (rev)
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temperature. Clearly, while the passive film is effectively protecting the bulk 
material at room temperature, it is incapable of self-repair at any temperature. 
It is also noteworthy that potential shift values for 316L austenitic stainless steel 
are negative or near zero in reverse scans, indicating that the material can be 
corroded for a longer time once erosive effects have started affecting it. This 
means slower repassivation and more damage from random film disturbances. 
The 2205 steel does not show such a behavior, though potential shift is less 
positive on reverse scans (lower repassivation capability). It is therefore predicted 
that 316L may fail faster in more erosive environments, even If the chemical 
composition is identical. This agrees with the results from Section 6.3.2. 
 





















Potential shift in white liquor with erosive conditions
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Figure 7.4.3: Comparison of the potential shift at 60oC for tested materials 
 
 



















Potential shift in white liquor with erosive conditions
C1018 60C C1018 60C (rev) 316L SS 60C



















Potential shift after scratching in white liquor
2205 25C 2205 60C 316L 25C
316L 60C C1018 25C C1018 60C
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Potential shift provides some interesting relationships with well-known parameters 
in erosion-corrosion. These are represented in Figures 7.4.5-7.4.6. 
 
Figure 7.4.5: a. Relationship between rotational speed and potential shift after 
scratching in alumina-containing white liquor, with labelled corrosion rates; b. 
































































































































As potential shift clearly has a trend with respect to flow speed (Fig. 7.4.5) and 
open circuit potential (Fig. 7.4.6), it provides a useful, if empirical, variable to 
monitor in order to get an idea about the resistance of a particular alloy to the 
tested conditions. It should be stressed, however, that this relationship cannot be 
proven rigorously. In spite of this, it is a fair assumption that potential shift at least 
indirectly corresponds to the ability of a material to repassivate once its protective 
oxide film is broken. 
7.5 Repassivation delay during scratch tests 
As carbon steel is unable to remain passive in the testing environment, and 
austenitic stainless steel shows large increases in corrosion rate as flow effects 
are introduced (see Fig. 7.5.1), 2205 DSS (in addition to being the preferred 
material at the time of this project) warrants a thorough investigation of film 
formation and stability in a white liquor environment.  
The repassivation behavior after scratching is crucial to the understanding of both 
the corrosion mechanism and the more practical evaluation of the material’s 
longevity under a specific set of conditions. For this reason, the time axis needed 
to be explored more thoroughly. After running experiments and monitoring 
potential over time, it became apparent that repassivation, when it occurs, is 
delayed in the experimental conditions, possibly due to erosive influences. Figure 
7.5.2 shows that a modest increase In RPM from 5000 to 7000, corresponding to 
an increase of the Reynolds number from 1.74x104 to 2.43x104, caused a large 
portion of the time evolution of potential to remain at lower potentials, where 
corrosion occurs. Essentially, higher rotational speed seems to slow down the 
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mechanism of repassivation (where, up to 5000 rpm, no significant change in the 
curve is discernible).  
 
Figure 7.5.1: Comparison of flow effects on 316L and 2205 steels in white liquor 
spiked with alumina particles. 
 
Having shown the superiority of 2205 DSS over austenitic stainless steel 316L and 
carbon steel C1018 in an earlier part of the study and remembering that the high 
temperature resistance of 316L to caustic and erosive environments can be 
described as suspect at best, this delay of repassivation may cause concern for 
the long term durability of the current material used in pulp and paper making 
equipment, 2205. The rest of this study will aim to determine exactly how and why 
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corrosion occurs in this environment and to evaluate and quantify current and older 




Figure 7.5.2: Time evolution of potential after scratching 2205 DSS in white liquor 











The mechanical aspect of erosion-corrosion occurs through two mechanisms: The 
shear exerted on a wall by the flow and the interaction of second phase particles 
carried within the flow with a surface, through impacts. In this work, the effect of 
second phase particles is quantified through erosion-corrosion tests in white liquor 
which contains varying amounts of alumina particles. This study takes into account 
the particle concentration, number density and interactions with other factors such 
as the flow effects on the incident surface. Particles, in this case, simulate the 
second (solid) phase particles/inclusions in pulping liquors or other industrial 
caustic environments, which can be organic or inorganic. 
Solutions spiked with inert solid particles have been used before for erosion-
corrosion studies in theoretical environments. Alumina is a popular type of erodent 
for such applications, being inert up to the boiling point of water at atmospheric 
pressure, but becoming amphoteric at higher temperatures. For example, Stack et 
al. added a fixed concentration of 273 g/L to a deaerated 1 M NaOH solution in 
order to create erosion-corrosion maps for a non-standard chromium steel over a 
particle size range of 50-150 μm31. Stack’s study also found that increasing particle 
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size increased corrosion current (and thus the corrosion rate would also be higher), 
but after a critical value of average particle size, corresponding to 100 μm, 
corrosion rate no longer increased. Other uses of alumina in erosion-corrosion 
research included Rashidi et al.23, who used nano-sized alumina particles to 
examine the possible increase in corrosion rate in a heat transfer-enhancing 
nanofluid due to the second phase particles. Somewhat surprisingly, Rashidi et al. 
discovered that the nanoparticles acted as corrosion inhibitors and lowered the 
corrosion rate over the base fluid when motion was not involved. However, when 
motion was introduced, erosion-corrosion synergy within the nanofluid once again 
caused an increase in the corrosion rate, reaching up to twice the value of the 
corrosion rate of the base fluid in the same conditions. 
There are important lessons that can be drawn from both Stack’s and Rashidi’s 
work; the latter suggests that synergy between erosion and corrosion may cause 
higher corrosion rates than the sum of the chemical and mechanical components. 
Even though no proof is provided, exploring this effect is necessary. Stack’s study 
does not elaborate on the meanings of their findings, but they indicate that a certain 
energy is necessary to fulfil the particles’ role in the erosion-corrosion mechanism, 
beyond which a further increase in the energy (due to larger size) no longer 
produces an increase in the erosion-corrosion rate.  
The particles’ impacts on a metal surface and the force that these impacts exert 
on the surface are governed by the impulse-momentum theorem: 
𝐼 = ∫ 𝐹 𝑑𝑡
𝑡𝑓
𝑡𝑖




The kinetic energy as well as the momentum of a particle depends on its size and 
velocity. Since the comparisons in this chapter are made only between tests using 
the same rotational speed, the velocity on the surface of the electrode was equal 
for each test. However, the mass change due to particle size is important. As larger 
particles have a mass that increases with the cube of their radius (assuming 
spherical particles), even a small change in particle size may cause a significant 
change in the energy and impulse carried by the particle impacts, changing the 
erosion-corrosion characteristics of the environment. 
As the angle of individual impacts is random and impractical to measure, it can be 
assumed that each impact occurs at a different angle and thus results in a different 
amount of momentum change. This means that each impact is variable and has a 
certain chance to impact the passive film and contribute to erosion-corrosion. If 
this chance is affected more strongly by the number of impacts rather than the 
average energy or the impulse of those impacts, then the number of particles 
hitting the surface may be more important than the particle size. Therefore, another 
factor that may influence the erosion-corrosion rate under the presence of alumina 
particles is the number density of the alumina particles. This possibility was also 







8.2 Experimental Procedure 
To study the effect of particle size and density, reagent-grade alumina particles 
were acquired in average sizes of 50 and 1000 microns for use with standard white 
liquor solution containing 3.75 M sodium hydroxide and 0.64 M sodium sulfide. 
Particle size range was selected based on the results from Stack et al.31, with one 
particle size below the threshold value of 100 microns and one value above the 
threshold. Tests were performed in a three-electrode setup with the steel sample 
as a working electrode, a platinum foils as the counter electrode and a saturated 
calomel electrode (SCE) as the reference electrode. 30 minutes were allowed for 
stabilization of open circuit potential before performing a linear polarization 
resistance (LPR) test in order to obtain the instantaneous corrosion rate and 
convert it to annual loss of thickness, via Faraday’s Law. For long term (100 h) 
tests, the sample was weighed before and after the test, which involved rotation of 
cylindrical samples at 7500 rpm for 100 hours in white liquor with the specific 
amount of alumina for that test, and the weight loss was recorded. The weight loss 
was converted into annual loss of thickness by assuming the corrosion to be 
uniform, converting the mass loss to thickness loss by dividing by the density and 
sample area and introducing a time factor to scale the lost thickness to thickness 
that would be lost in one year. Viscosity adjustment was performed for some of 
these tests via the addition of agar (vegan gelatin) 0.5% or 1% in weight. The 
viscosities of these solutions at room temperature were found to be 6.2 and 14.86 
cP respectively, while the base white liquor had viscosities of 2.85 cP at room 
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temperature, and other temperatures’ viscosities were calculated as 1.40 cP at 
60oC and 0.95 cP at 90oC (see the Viscosity Control chapter). This calculation was 
based on the ratio of viscosity decrease of water with temperature, with the ratio 
being 0.466 at 60oC and 0.333 at 90oC. This assumption is reasonable as the 
solvent of the white liquor solution is deionized water. 
 
8.3 Results & Discussions 
In order to establish the effect of the addition of hard particles on erosion-corrosion 
behavior in white liquor, rotating cylindrical test samples of active-passive 
materials such as 2205 duplex stainless steel were tested in white liquor containing 
agar (for viscosity adjustment). The corrosion rates observed in these tests has 
been compiled in Figure 8.3.1. Figure 8.3.1 shows that the presence of particles in 
the solution increases the corrosion rate with all other factors being constant. This 
is expected due to the energy that these particles have under flow conditions, 
especially at high viscosity where movement of particles at the same speed 
requires more energy compared to that at the lower viscosities. On impact with the 
surface, some of this energy is transferred to the passive film or the base metal, 




Figure 8.3.1: The effect of particle presence (1 g/L Al2O3) on the erosion-
corrosion of 2205 DSS in white liquor and 1 wt% agar at 60oC. 
 
If the same approach is applied to a carbon steel such as C1018, the presence of 
particles has the same effect as on the duplex stainless steel 2205, as shown on 
Figure 8.3.2. While the corrosion rates being above 1 mm/yr at all data points 
suggests active behavior, the addition of alumina particles seems to almost double 
the erosion-corrosion rate. However, it is worth noting that increasing the particle 
content from 1 g/L to 10 g/L had no significant effect on the erosion-corrosion rate. 
This suggests that for carbon steel, the presence of particles, which may help 
remove any surface deposits or products, is important. However, as the 
repassivation kinetics are not fast, number of impacts, which may depend on the 
concentration or number of hard particles, do not have a strong influence on the 






























Figure 8.3.2: Corrosion rate of C1018 carbon steel in white liquor at 60oC. 
 
 
Figure 8.3.3: Corrosion rate of 2205 DSS with selected white liquor environments 



















































1 g/L, 50 micron
10 g/L, 1000 micron
1 g/L, 1000 micron
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In stainless steels, the same effect can be observed when particles are present, 
as seen on Figure 8.3.3 where an entire order of magnitude increase of particle 
concentration has very little effect on the corrosion rate, especially in the higher 
speed region where impacts are expected to be more significant. 
Other than the concentration of particles, which increases impact chance and thus 
passive film damaging (each impact is unique, so some may damage the passive 
film while others do not), it is also important to look at the particles’ sizes. This is 
because the impulse-momentum equation (equation 8.3.1), which governs the 
particle impacts on the surface, contains the masses of the particles. Assuming 
that the particle does not shatter or otherwise lose mass on impact, i.e. mf = mi, the 
initial mass of the particle is proportional to the impulse transferred to the surface 
and thus directly affects the erosive effect of the alumina particles in the white 
liquor. This behavior is illustrated in Figures 8.3.4 and 8.3.5, where both 2205 and 
316L stainless steels’ corrosion rates are plotted against the Reynolds number of 





Figure 8.3.4: Erosion-corrosion rate vs. Reynolds number for 2205 duplex 
stainless steel in white liquor with different particle sizes of alumina at 7500 rpm, 
60oC 
 
It is important to note that Reynolds number in Figures 8.3.4 and 8.3.5 varies due 
to viscosity. Using this data, a tendency of the smaller particles to cause a smaller 
erosion-corrosion rate can be inferred for 2205, as shown in Figure 8.3.4. This 
effect is magnified at higher viscosity (low Re) while it is almost constant for 316L, 
as shown in Figure 8.3.5. It also appears that 316L might have more difficulty 
repassivating in white liquor compared to 2205, especially at high Reynolds 
numbers. This results stems from the data which suggest that 50 micron particles 































they cannot cause a similar increase in corrosion rate when 2205 is exposed to 
the same conditions. Similarly, at low viscosity (high Re), even 1000 micron 
particles cannot cause a significant increase in the corrosion rate of 2205 
compared to 50-micron particles while the same particles acting on a 316L 
stainless steel surface cause a significantly higher corrosion rate compared to 50-
micron particles. If we assume a spherical particle, a 1000-micron particle moving 
at the same speed and angle as a 50-micron particle has about 8000 times the 
kinetic energy of the 50-micron particle as 𝐸𝑘 =
1
2
𝑚𝑣2 and a 20-fold increase in 
diameter corresponds to a 203=8000 times increase in mass while the velocity 
stays constant at the surface due to the rotational speed being the same. 
Therefore, it is no surprise that the particle size has a large impact on the erosion-
corrosion process. However, as Stack et al. showed, once a certain particle size is 
reached, erosion-corrosion rate does not increase further1. The results in this study 
as well as Stack’s findings seem to indicate that the energy of the impacts is 
responsible for the accelerating effect of erosion-corrosion rather than number of 
impacts at the tested particle concentrations (above 1 g/L). It is not possible to say 
at which concentration this effect starts using the data in this study, but 
continuously decreasing concentration to find the critical concentration is possible 
and a study could be performed in the future concerning this critical concentration. 
Figure 8.3.6 further illustrates that an increase in the particle number density, 
beyond a critical value, does not directly impact the erosion-corrosion rate. The 
erosion-corrosion rate trend with respect to number density shows a flat trend, 
even over multiple orders of magnitude. This result indicates that the concentration 
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of particles above 1 g/L (about 1000 particles per liter) has negligible effect on 
erosion-corrosion rate when all other parameters are equal. Also, as the same 
mass concentration of different-sized particles causes a high number of low 
impulse impacts for the smaller size and smaller numbers of high impulse impacts 
for the larger particle size, comparing the two visually also shows the dominance 
of high energy impacts in terms of causing damage to a metal surface. This is 
illustrated by the data shown in Figures 8.3.7 and 8.3.8. 
 
Figure 8.3.5: Erosion-corrosion rate vs. Reynolds number for 316L stainless steel 

































Figure 8.3.6: Erosion-corrosion rates under different particle densities for 2205 at 
25oC in white liquor. 
In each case, both for 304L and 2205, the erosion-corrosion gouges are invisible 
on a profilometer scan with a step size of 0.2 microns, as shown in Figures 8.3.7 
and 8.3.8, but 1000-micron particles cause visible damage to the surface in as 
little as 100 hours, as shown in Figures 8.3.7 and 8.3.8. This further supports the 
hypothesis that the average energy during impact is responsible for the 


































Figure 8.3.7: Surfaces of 304L stainless steel after exposure to white liquor with 
1 wt% agar and 10 g/L alumina particles with an average size of 50 microns (top) 
and 1000 microns (bottom) for 100 hours.  
 
8.4 Conclusions 
From the results for the erosion-corrosion tests done to study the effects of 
particle addition to the erosion-corrosion of steels in white liquor, including the 
effects of particle presence, particle concentration, and particle number density, 
the following conclusions can be drawn: 
 Presence of particles in white liquor tends to increase erosion-corrosion 
rate of steels under flow, especially at high rotational speeds. 
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 The concentration of particles, or particle number density, within the tested 
range does not have a significant effect on erosion-corrosion rate of steels 
in white liquor when all other factors are equal. 
 A larger particle size increases the corrosion rate and observable damage 
after exposure under flow conditions, which is presumably due to the 




Figure 8.3.8: Surfaces of 2205 duplex stainless steel after exposure to white 
liquor with 0 wt% agar and 10 g/L alumina particles with an average size of 50 










Erosion-corrosion is an accelerated loss of material over time due to the combined 
action of a chemical (corrosive) environment and a mechanical forces due to flow. 
This combined effect accelerates corrosion by either breaking the passive film on 
the surface of an active-passive alloy and/or preventing repassivation of the same 
passive film once it is broken Most of structural materials used in the chemical 
process industry rely on passive film for corrosion resistance. This makes erosion-
corrosion, which most heavily affects active-passive alloys, an important area of 
concern not only for science, but also for the world economy. Industrial liquids often 
have some form of particulates in them, further facilitating the erosion-corrosion 
phenomenon, as has been observed in the pulp and paper2,43, petroleum20,27 and 
nuclear44 industries among others. 
Most of prior research was focused on evaluation of materials in strongly corrosive-
abrasive (mostly acidic) environments1. The endeavor of understanding the 
synergy between erosion and corrosion, or in other words, mechanical and 
chemical aspects of damage to a material over time, has been driven by specific 
industrial needs, as well as the need to understand the fundamental mechanisms 
involved in the erosion-corrosion phenomenon. In spite of being indirectly 
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mentioned on occasions, notably during characterization of black liquor corrosion 
by Singh et al. (2008)43, viscosity by itself has not been researched as an important 
aspect of erosion-corrosion. In fact, the percentage of solids in black liquor found 
in Singh et al.’s studies3,43, where it was concluded that a medium amount of solids 
caused the highest corrosion rate in both carbon steel and stainless steel, has a 
direct analogy with the viscosity of the black liquor. In spite of this, the chemical-
concentration effect of having more solids in the black liquor has generally been 
linked to increased corrosion rates, such as higher sulfidity and formation of 
thiosulfates45,46. One of the reasons for limited focus on the effect of viscosity on 
erosion-corrosion might be the high variability of many industrial liquid streams. 
For example, black liquors can have solids ranging from less than 10% to 90%, 
with significant differences in their chemical constituents and with properties that 
depend heavily on the wood that has been pulped47.  
The fact that no standard base of comparison exists and that the contents of most 
industrial liquors become more concentrated when they become more viscous 
(thus enhancing the purely chemically corrosive effect) makes it difficult to 
undertake studies about the effect of viscosity on erosion-corrosion for a particular 
material. This study describes a method to systematically quantify the material’s 
erosion-corrosion resistance and the role of the viscosity of the environment by 
selecting a standard test liquid and controlling its viscosity via an inert additive. 
The advantages for scientific study of the erosion-corrosion phenomenon are 
clear: In these tests, the chemical effect variable is kept constant, as the active 
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chemical components have the same concentration under the same environmental 
conditions while only viscosity is systematically changed.  
Viscosity is a significant factor in erosion-corrosion under flow conditions, as it is 




    (9.1) 




 is the velocity gradient at the surface. A case study is provided in this 
paper to test and demonstrate how viscosity effects work in practice. 
White liquor (also known as pulping liquor) was chosen as the test solution for this 
study. White liquor compositions may vary from mill to mill, but it typically is 
composed of sodium hydroxide and sodium sulfide, and is used to separate 
cellulose fibers from wood chips. The inorganic composition used in this study also 
best represents the inorganic composition of the concentrated black liquors. 
Viscosity of black liquors depends on the degree of concentration, dissolved 
organic constituents after pulping, as well as on the percentage solids. Indeed 
other researchers have explored white liquor corrosion; for example, Gorog (2014) 
observed pit-like damage in white liquor tanks concluded that 304L stainless steel 
performs best in aerated white liquor25. Furthermore, to simulate the organic or 
inorganic particles in industrial liquors, we selected different amounts and sizes of 
alumina particles as an erodent. While it is amphoteric, alumina does not react with 
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acid or base at temperatures below the boiling point of water, is harder than steel 
and is readily available. 
In order to enable the study of viscosity in pulping liquors as an isolated factor, 
addition of controlled amounts of agar (vegan gelatin, also known as agar-agar) 
was used. The chemical formula of agar is (C9H12O9)x. This additive is widely used 
in the study of biology48 and pharmaceuticals49 as food for microorganisms, and 
its viscosity-changing effects are well known. Both El Hefian48 and Demchenko49 
et al. noted the increase in viscosity with increasing agar concentration. Agar is 
also advertised to be inert in neutral and alkaline conditions, and its inertness was 
put to test in this study. As an inert viscosity-changing additive, agar allows for 
viscosity control that is independent of chemical concentrations associated with 
changing the solid content of actual industrial liquors. This study demonstrates the 
inertness of the agar addition while increasing the viscosity of the solution, and 
that this can lead to erosion-corrosion where it would not have happened with a 
less viscous solution. This provides a powerful tool to control viscosity alone and 
study its impact on the erosion-corrosion phenomenon. 
 
9.2 Experimental Procedure 
Steel samples were processed before the experiment by first grinding the surface 
with 400-grade sand paper, then sequentially polishing the surface to 600, 1000 
and 2000 grade to start with the same surface conditions. The material chosen 
was 2205 duplex stainless steel, with a 50/50 microstructure of ferrite and 
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austenite and known to be highly resistant to corrosion, including in alkaline 
conditions. C1018 was used for its high corrosion rate in the tests to determine the 
inertness of agar in an alkaline medium. 
Exposure tests were performed by immersing coupons of sample material with a 
size of 2 x 1 x 0.1 inches in a 250 ml beaker containing the test solution for 100 
hours. The sample was weighed before the test and after the test, and the mass 
change was used to calculate the average corrosion rate in these tests. 
Viscosity measurements were performed using two different methods. The first 
was a Cannon-Fenske-type viscometer, which was first cleaned with deionized 
water and then purged with compressed air before the test solution was 
immediately placed in the tube. A standard rubber suction ball was used to draw 
the solution up above the measurement line and the time taken for the fluid to 
travel between the measurement start and finish lines was measured with a 
stopwatch. Then viscosity was calculated using the appropriate constants for a 
Cannon-Fenske viscometer. This method was used mainly for the characterization 
of pure white liquor. For higher-viscosity solutions, which took a very long time to 
measure in the type 0 Cannon-Fenske tube, a Brookfield DV-I rotary viscometer 
was used.  
Erosion-corrosion tests were performed using a rotating cylinder electrode (RCE) 
setup. A cylindrical sample of the material of interest was screwed onto a 
specialized shaft fitted with conducting bushes for electrochemical measurements, 
attached to a motor with a speed control unit. The three electrode setup consisted 
of the sample, which acted as the working electrode, a platinum foil counter 
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electrode and a saturated calomel electrode as the reference electrode. Tests 
were performed by setting the rotational speed to the desired rpm value, waiting 
at least 20 minutes (more if necessary) for the open circuit potential to stabilize. 
Corrosion rate was measured using the Linear Polarization Resistance (LPR) 
method which involves performing a small potential sweep around the stable open 
circuit potential (OCP) while monitoring the current response. The slope of the 
potential vs. current curve, was measured and used to calculate the instantaneous 
corrosion rate in millimeters per year (mm/yr, mmpy) using Faraday’s Law. 
The test solution for erosion-corrosion tests was white liquor, which is a strong 
alkali mix of sodium hydroxide and sodium sulfide in water. Its recipe is generally 
variable throughout the industry, but an average white liquor composition was used 
throughout this study so as to have the same chemistry among all tests and to be 
able to directly comparable results. This solution was made by adding 150 g of 
NaOH and 153.8 g of Na2S.9H2O per liter of deionized water. The pH of 
experiment-ready white liquor was 14.7, and the liquor was always used within a 
short time of preparation in order to avoid any changes in the composition over 
time. As an erosion-corrosion enhancing additive, reagent grade aluminum oxide 
with a 1 mm average grain size was used in some experiments to test its effect. 
This coarse, hard substance can erode steel if sufficient impact energy is provided. 
In order to introduce agar into white liquor, the appropriate amount of agar powder 
was added to achieve the desired weight percentage. The undissolved agar was 




9.3 Results & Discussions 
The inert nature of agar in was tested by exposing the carbon steel at 60oC in the 
pure white liquor test solution, as well as in the white liquor with 2% agar by weight, 
for 100 hours each. The test was performed without any flow or rotation, in order 
to eliminate the role of mechanical effects. The corrosion rate was measured by 
mass lost during the experiment; the weight change was used to calculate the 
corrosion rate. The corrosion rates were 0.50 mm/yr and 0.56 mm/yr in white liquor 
without and with agar respectively. These results indicate that the presence of agar 
did not have any adverse effect on the corrosion rate in white liquor. 
The viscosity of white liquor changes significantly with the addition of agar, and the 
effect increases exponentially as more agar is added, as shown on Figure 9.3.1 
and Table 9.3.1. It should be noted that these results are limited by the maximum 
rotary viscometer rotational speed of 100 rpm, which makes it impossible to scan 
the same Reynolds number ranges for each solution. In spite of this restriction, an 
exponentially increasing trend of viscosity with respect to agar content is clearly 
visible in Figure 9.3.1. It is, however, not expected that this trend will continue 
monotonically; as the agar saturates and completes its network within the white 
liquor, viscosity should form a plateau and level off. Data in this region cannot be 
obtained with the available equipment, however, due to motor power restrictions 
making it impossible to rotate spindles in more viscous solutions than 5% agar. 
Examination of the properties of agar-containing solutions with a rotary viscometer 
also allowed observation of the non-Newtonian behavior often exhibited by pulping 
liquors (Reference), as shown on Figure 9.3.2. The viscosity decreases as shear 
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rate (proportional to flow speed or Re) increases, which is also called shear-
thinning behavior. It can be seen that an increase in Reynolds number leads to a 
decrease in viscosity, and the severity of this effect increases as the agar 
concentration in the white liquor is increased. The represented Reynolds number 
range is not the same, as the rotational speed (thus flow speed at the surface) is 
the same, but the viscosities are different. It is important to note that the viscosity 
flattens out after a certain Reynolds number, so at higher Reynolds number the 
shear-thinning effect can be safely ignored. 
 
 
Figure 9.3.1: Viscosity of white liquor as a function of agar content by weight 
 
After establishing the chemical and physical effects of the addition of agar on the 























the additive on the erosion-corrosion process itself was examined and quantified. 
The main point of interest here is how agar interacts with erodents, in this case 
alumina. Figure 9.3.4 shows how 2205 steel is affected by the presence of agar 
and abrasive particles. A clear trend of higher erosion-corrosion rate with abrasive 
particles whenever the solution is non-stationary can be inferred from the results 
in Figure 9.3.4. Agar increases the viscosity of the solution, which increases the 
wall shear stress. At the same time, the overall erosion-corrosion in the white liquor 
was not affected by the addition of erosive alumina particles under tested 
conditions. However, when the two additives were combined, the increase in 
erosion-corrosion rate was substantial, and this effect seems to be more effective 
at high Reynolds numbers. This can be explained such that with alumina addition 
alone, the white liquor has erosive potential but not enough shear to effectively 
weaken or break down the passive film, while the agar alone exerts higher shear 
on the material but lacks the hard particles to do physical damage to the surface 
film. With both factors combined, high shear and erosive potential effectively 








Table 9.3.1: Individual values of dynamic and kinematic viscosity for different agar 
contents in white liquor; each density value was measured by comparing 5 mL of 
solution to DI water (1 g/cm3) and each viscosity value is an average of five 
measurements. 
Agar content 







0 Cannon-Fenske 1.17 2.85 2.43 
0.5 Rotary Viscometer 1.18 6.20 5.25 
1 Rotary Viscometer 1.19 14.86 12.49 
2 Rotary Viscometer 1.21 17.36 14.35 
2.5 Rotary Viscometer 1.22 361.1 295.98 
3 Rotary Viscometer 1.23 805.00 654.47 
4 Rotary Viscometer 1.25 3,820.00 3056.00 




    a           b 
Figure 9.3.2. Change of viscosity with Reynolds number for (a) 2.5% and (b) 5% 










































Figure 9.3.3. Typical Newtonian fluid behavior (compare with shear thinning 
behavior shown on Figure 9.3.2). 
 
 
Figure 9.3.4. Comparison of corrosion rates of 2205 duplex stainless steel in 



















































However, as seen from the results in Figure 9.3.5, this increase in the erosion-
corrosion rate does not increase linearly with the agar content. Once agar 
concentration in the white liquor is increased to around 2.5 wt%, the corrosion rate 
plummets to the levels comparable to the stationary tests shown on Figure 9.3.4 
(Re=0), and does not show an increasing trend with further addition of agar in the 
setup used for this study. This is due to the reduction of flow speed at a distance 
from the rotating cylinder due to the significantly higher viscosity (as shown on 
Table 9.3.1), 2.5 wt% agar causes a viscosity increase of two orders of magnitude 
compared to pure white liquor, and about twenty-five times as viscous as 1 wt% 
agar-containing white liquor. If it were possible to rotate at higher speed using the 
available motors, however, it could have been possible to find a point in the Re-
axis where corrosion rate may have increased, based on the results from lower 
agar concentrations which showed increased corrosion rate at higher Reynolds 
numbers. At the same rotational speed and/or linear velocity at the surface, the 
effect of agar concentration on the erosion-corrosion rate increases and then 
decreases, showing a bell-curve type trend. A medium viscosity of test solution 
causes the highest erosion-corrosion rate while both very low and very high 
viscosities in the tested range present little in the way of increase in the corrosion 
rate. Of course, the decreased flow speed away from the sample would make it 





Assuming that the velocity profile is parabolic (Figure 9.3.7 is a representation of 
this type of profile) and with the boundary conditions of speed being equal to the 
linear velocity from the rotation at the RCE surface and speed being equal to zero 
at an infinite distance from the RCE, the simple expression for wall shear stress 




      (9.2) 
Leaving the viscosity in the equation in order to make the curve valid for all agar 
contents, we get the simple relationship shown on Figure 9.3.6. Applying this for 
the different agar contents, we get an increase in the wall shear stress with agar 
addition, as shown on Figure 9.3.8. 
 
 
Figure 9.3.5. Corrosion behavior of 2205 duplex stainless steel in white liquor 




















Figure 9.3.6. Calculated relationship between rotational speed and shear 




Figure 9.3.7: Calculated parabolic velocity profile for forced rotation of a ¼” 































































Figure 9.3.8. Wall shear stress acting on a quarter-inch RCE in white liquor 
containing agar at 60oC 
 
The effect of agar addition to erosion-corrosion is most clearly demonstrated by its 
effects on the surface of a test sample. The 2205 duplex stainless samples shown 
in Figure 9.3.9 have been exposed to the white liquor solution for only five hours, 
but the sample immersed in the agar-containing solution already showed about a 
micron-deep gouges or scratches on the surface in the direction of flow, which is 
a clear indication of erosion-corrosion. Compared to an exposure of only 2 hours 
(Figure 9.3.10), the extent of the observed damage is significantly higher. The 
same effect is not observed on the same sample when the surface is similarly 
prepared and exposed for the same period of time at the same rotational speed to 
a solution that did not contain agar. This also shows the role of viscosity, and its 
direct result, shear stress, on this erosion-corrosion process. While it may not be 


































it shows that the factor of viscosity is important and must be included for the 
complete understanding of erosion-corrosion. 
 
 
Figure 9.3.9. Profilometer images of the surface of a 2205 DSS sample after 5 
hours of exposure to white liquor containing no agar (top) and 1 wt% agar 





Figure 9.3.10: Extracted surface and profile after a short term test (1% agar, 1g/L 
alumina) on 316L SS. Very slight damage in only a few sites is visible. Compare 
to Figure 9.3.9. 
 
Erosion-corrosion rate results in white liquor showed little or no difference between 
the test solution with agar addition alone, or the test solution with the addition of 
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alumina particles alone. However, a combination of both agar and particles at high 
speeds caused a large increase in erosion-corrosion rate (up to four times the 
erosion-corrosion rate of either component). Based on these results, erosion-
corrosion seems to have a compound mechanism of two factors, one being impact 
energy (higher at lower viscosity) and the other shear stress acting on the passive 
film (higher at higher viscosity). The result is that the highest erosion-corrosion 
rates occur at medium flow speeds. This also explains why the erosion-corrosion 
problems are maximum for the black liquors (spent white liquor, less alkaline but 
containing more particles and organics) with medium concentration in pulp mill 
equipment like concentrators and evaporator tubes. 
 
9.4 Conclusions 
Throughout this study, the experimental and visual results showed that using agar 
as an inert additive is a viable way to control viscosity for erosion-corrosion testing, 
but is also a practical way to observe the erosion-corrosion of traditionally resistant 
materials and determine their relevant properties in a given alkaline environment. 
It was also established by the corrosion results in this work that agar is inert in a 
caustic/alkaline environment and effectively changes the viscosity of an alkaline 
solution even at relatively small concentrations. More than four orders of 
magnitude in viscosity could be achieved by up to 5 wt% concentration, and no 
unexpected changes to fluid behavior were observed. However, non-Newtonian 
(shear thinning) behavior is introduced, which may make some fluid mechanics 
calculations harder to accomplish. Fortunately, the shear thinning component 
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flattens out quickly with speed, so this effect can be ignored above a threshold 
Reynolds number. 
 
This concept was applied to a case where a sample of 2205 duplex stainless steel 
was exposed for five hours to the white liquor, spiked with alumina particles, with 
and without the addition of agar. The results indicated that the acceleration in 
erosion-corrosion occurred in the solution with the agar additive only. This shows 
that the viscosity is an important factor that should not be ignored while studying 













EFFECT OF VISCOSITY ON EROSION-CORROSION – LONG TERM TESTS 
 
10.1 Introduction 
Erosion-corrosion is an issue that has been seen in many chemical processing 
fields including the pulp, paper, alumina processing, nuclear and petrochemical 
industries, and has subsequently attracted attention from the research 
community.1-11 The phenomenon of erosion-corrosion is defined as material loss 
under the combined effect of mechanical and chemical mechanisms that occurs at 
an accelerated rate compared to solely chemical (corrosive) or mechanical 
(erosive) damage. In spite of the dangerous nature of failures due to erosion-
corrosion in industry, the exact mechanism and its characteristics are not 
extensively and systematically explored. While some parameters, such as sulfidity 
of pulping liquor or inclusion of aggressive anions, have been thoroughly explored 
in an erosion-corrosion environment25,41,46,50-51, factors not related to the chemical 
composition of the liquor, including fluid flow velocity, physical characteristics of 
the fluid, solid and possibly abrasive inclusions etc. at high pH are relatively 
unexplored. Unlike the mentioned previous work, this study will not attempt to 
simulate the environment that alloys are exposed to in Kraft pulping processes, but 
rather fix or eliminate as many variables as possible and attempt to determine the 
effect of flow parameters on the erosion-corrosion of steels under flow effects. The 
relevant measures include performing the experiment below the boiling point of the 
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test solution at atmospheric pressure in order to eliminate the need for a pressure 
vessel and enable observation of flow regime. Also, a standard, simple recipe for 







Figure 10.1.1: Schematic representation of erosion-corrosion due to hard solid 
particles, with initial surface in black and final surface in red. 
 
Flow presents important challenges in corrosion. Its first effect is the enhancement 
of transport due to increased convection, making it easier to move the reactants 
and products of corrosion reactions to and from the corrosion surface as well as 
preventing buildup of high concentrations of ions in flow-affected areas. Possibly 
even more importantly, flow also introduces mechanical effects into the purely 
chemical corrosion process by interacting with the surface. The effect of this 
interaction is twofold. Due to the no-slip (v=0) boundary condition at the (stationary) 
surface, the velocity gradient between the stagnant surface and the bulk flow 














stress” (τ), this effect is a potential reason for the reduced resistance to corrosion 
observed in the industry in areas where erosive-corrosive conditions exist. The 
second effect of fluid-surface interaction is the constantly acting force introduced 
to bends or at any place where flow direction is changed or obstructed (such as a 
weld bead). This force also acts as a potentially damaging factor for the essential 
passive film on the surface of an active-passive alloy. Active-passive alloys make 
up almost all engineering materials used in the aforementioned industries and rely 
on a “passive film”, a thin (often nm-range) layer of metal oxides on the surface of 
the alloy that forms as the material oxidizes and drastically slows further corrosion 
of the alloy. 
In a fluid carrying solid particles, fluid-surface interaction effects can be magnified 
as these particles are carried along with the flow, striking or scraping against the 
surface as they flow past, as represented in Figure 10.1.1. A particle at (1) with an 
instantaneous velocity toward the alloy surface strikes the surface, damaging part 
of the passive film due to the impact or subsequent abrasion effects (2). Due to the 
flow, abrasion continues until the particle is carried off the surface, creating a 
“scoop” shaped damage profile (3) and finally the particle returns to the flow, 
leaving behind an area of exposed material or passive film that is thinner than its 
equilibrium thickness (4). The bulk material underneath must then oxidize to 
compensate for the loss of the passive film in order to return to equilibrium.  
Turbulent flow, with its unsteady instantaneous velocity, theoretically carries a 
higher chance to cause particle strikes. If the particles are hard enough to disturb 
the passive film on the surface, the film may become damaged instantly, corroding 
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until the film can be reformed. In a situation where there are many particles carried 
in the flow (two-phase flow), many such strikes may occur and the resulting 
corrosion effect may become significant due to the sheer number of impacts even 
if the individual chance to cause damage is low. While this has been recognized in 
a number of previous research efforts, the general trend has been to produce 
specific “mechanism maps” that show a prediction of damage mode instead of 
directly exploring the mechanism.28 This study will focus on the effect of fluid 
viscosity on the erosion-corrosion of carbon steel, duplex stainless steel and 
austenitic stainless steel, an important variable that has not been considered 
before as a factor in erosion-corrosion. However, due to its influence on velocity 
profile and thus the wall shear stress, the viscosity of the test fluid has the potential 




      (10.1) 
where τlaminar is the laminar wall shear stress, μ is the dynamic viscosity of the fluid, 
u is the local axial component of the flow velocity and y is the perpendicular 
distance from the surface. 
 
10.2 Experimental Procedure 
The experimental setup for long term erosion-corrosion tests is shown in Figure 
10.2.1. The test solution was 3.75M NaOH and 0.68M Na2S, a common simplified 
formula for white liquor, a chemical used for pulping, which means extracting the 
cellulose from wood chips for the production of paper or other specialized products 
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such as cellulose nanocrystals (CNC). This white liquor had a room temperature 
viscosity of 2.85 cP, measured by an Ubbelohde-type capillary viscometer, a 
density of 1.17 g/cm3 (measured as relative density by comparing to DI water, 
which has a density of 1.00 g/cm3) and a pH of 14.75, measured by an electronic 
pH-meter. Viscosity control was achieved through the addition of an organic 
chemical, agar agar (vegan gelatin) in preset amounts to the test solution before 
being heated at 90oC for 2 hours to allow the agar to form the network that alters 
the viscosity. Solutions containing 0%, 0.5%, 1.0% and 2.0% agar were prepared 
and a Brookfield DV-I rotary viscometer was utilized to determine their viscosities 
at room temperature (25oC) as 2.85 cP, 6.20 cP, 14.86 cP and 17.36 cP 
respectively. Agar is inert under neutral and alkaline conditions, and is often used 
as food in bacterial cultures. The inertness was put to the test under the testing 
conditions used in this study and the results will be presented in the Results and 
Discussion section. 
The materials tested were common materials that are exposed to pulping liquors 
under flow conditions in industry conditions, including carbon steel C1018, 
austenitic stainless steels 304L  and 316L as well as duplex stainless steel 2205. 
The compositions are given in Table 10.2.11. Samples were ground to 2000 grit 
surface quality using abrasive paper, using steps including 400, 600 and 1000 grit, 
and cleaned in order with DI water, acetone, methanol and DI water (second wash) 
in order to get rid of surface residues of both organic and inorganic nature. The 
weight of the sample was measured with a precise balance and the pre-experiment 
weight was recorded. The sample was then attached to a custom shaft which was 
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threaded on one end to screw the sample onto it. A rubber washer was installed 
between the shaft and the sample in order to minimize galvanic corrosion in 
addition to the use of 304L material, which is close to all tested materials in the 
galvanic series. The shaft was connected to a Talboys Model 101 laboratory stirrer 
and immersed in a plastic beaker with a diameter of 4.5” and containing 500 ml of 
test solution, i.e. white liquor; alumina particles and (optionally) agar. The entire 
assembly was placed in a temperature-controlled water bath and a lid was used to 
minimize evaporation effects and alteration of chemical concentrations. 
 
 








After the setup was complete, the rotational speed for the experiment was set and 
the assembly was allowed to run for 100 hours. After 100 hours, the motor was 
stopped, the sample was dismounted, weighed, and the post-experiment weight 
was recorded. Faraday’s Law was applied to the mass difference (weight loss 




     (10.2) 
where r is the corrosion rate in mmpy, K is a constant for unit conversion 
(K=0.0463), m is the mass loss (i.e. mass reacted) in grams, t is the timespan of 
the test in days and A is the surface area of the sample in cm2. 
Characterization of the surfaces before and after the test were performed using 
three different methods: Profilometry, Scanning Electron Microscopy (SEM) and 
Energy Dispersive Spectroscopy (EDS). A Nanovea 9000 profilometer was used 
for profilometry on 3x1mm areas of the sample in standard positions with a scan 
rate of 0.4 mm/s and a step size of 200 nm. Micrographs were taken using a LEO 
1530 SEM operating between 5-24 kV depending on the sample and conditions. 
EDS was performed using the same SEM apparatus operating at 24 kV in order to 
be able to distinguish between sulfur (a part of the environment) and Molybdenum 
(an alloying element present in some tested materials) through the lack of a 






Table 10.2.1: Nominal Composition of Tested Materials 
Alloy C1018 304L 316L 2205 
UNS # G10180 S30403 S31603 S32205 
C 0.20 0.03 0.03 0.02 
Mn 0.90 2.00 2.00 2.00 
P 0.040 0.045 0.045 0.03 
S 0.050 0.03 0.03 0.02 
Si 0.90 0.75 0.75 1.00 
Cr - 18-20 16-18 21-23 
Ni - 8-12 10-14 4.5-6.5 
Mo - - 2-3 2.5-3.5 
N n/a 0.10 0.045 0.17 






10.3 Results & Discussion 
Exposure tests were performed for 100 hours in 60oC with an alumina content of 
10 g/L unless otherwise stated. Rotational tests were all performed at 7500 rpm. 
C1018 carbon steel underwent corrosion at a rate of 0.56 mm/yr without rotation, 
with almost no difference between samples exposed to pure white liquor or white 
liquor containing 2% agar by weight (the latter had a corrosion rate of 0.58 mm/yr). 
Figure 10.3.1 shows visual simulations obtained from profilometry performed on 
these C1018 carbon steel samples. The surfaces are similar to each other and the 
rough, granulated appearances without local attack are characteristic of general 
corrosion, implying active behavior where passive film does not exist or is not 
protective. The corrosion rates being very close for white liquor and white liquor 
with 2% agar by weight also confirm that agar is practically inert in the tested 
conditions. This can be inferred as without rotation, the viscosity-increasing effect 
of the agar cannot mechanically increase corrosion rate in the absence of flow 
effects. The measured difference would be a chemical-only effect, and indeed this 
effect is negligible. When exposed to rotation at 7500 rpm, the corrosion rate 
increased to 7.37 mm/yr, showing that flow had a strong effect of increasing 
corrosion rate even on this active alloy. 
 
Carbon steel had to be cleaned before profilometry or SEM could be performed 
due to the crusty, cracked layer that formed on top during the test, as shown in 
Figure 10.3.2. Clarke’s solution (hydrochloric acid with inhibitors, i.e. tin 
(stannous) chloride and antimony trioxide in order to avoid damage to the actual 
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surface) was used as the cleaning reagent to clear the surface of corrosion 
products. After cleaning, the characteristic surface shown in Figure 10.3.1 (top) 





Figure 10.3.1: Profilometer images of C1018 surface before (top) and after 
(middle) 100 h exposure to white liquor and 10 g/L alumina particles, and after 




Figure 10.3.2: Surface of C1018 carbon steel after testing for 100 h at 7500 rpm 
before post-cleaning (left) and after cleaning (right) 
 
 























Figure 10.3.4: Correlation between the laminar wall shear stress and annual 
corrosion rate 
 
Figure 10.3.3 shows the corrosion rate as a function of the Reynolds number, 





       (10.3) 
where ρ is the fluid density, v is the average flow velocity, D is a characteristic 
length (in the case of a rotating cylinder, D is the length of the cylinder) and μ is 
the dynamic viscosity. Flow becomes turbulent after a critical Reynolds number, 
where instantaneous velocity gains an unstable and random turbulent component 
that can increase corrosion rate due to the higher likeliness of particle impacts with 
the surface. However, Figure 10.3.3 reveals that Re is unlikely to be the primary 
y = 0.1301x + 0.0254
R² = 0.9837
y = 0.3747x + 0.2917
R² = 0.8143
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variable controlling the relationship of corrosion rate and flow, as lower Re often 
led to the highest corrosion rates observed during the tests. This is because higher 
agar contents lead to a higher viscosity, which in turn lowers the Reynolds number 
at the same rotational speed (i.e. forced velocity). Considering that higher viscosity 
led to a higher corrosion rate, viscous forces must have a stronger effect than 
inertial forces, and thus wall shear stress must be a better parameter for linking 
flow effects to corrosion rate in the tested alloys and environments. Indeed, this 
was the case, as the very good correlation of laminar wall shear stress with 
corrosion rate shows. Turbulent wall shear stress is very hard to calculate 
accurately and is unsteady, but it is always higher than laminar wall shear stress, 
which explains the low laminar wall shear stress compared to the yield strength of 
the tested materials. At the very least, laminar wall shear stress looks like a good 
estimator for the corrosion rate based on the linear regression correlation values 
with the practical data. It is worth noting that 316L is expected to have a higher 
corrosion rate without rotation (zero wall shear stress) compared to 304L and 
2205; this agrees with previous studies43 and may be linked to the molybdenum 
contained in the mono-phase austenite that makes up the microstructure of 316L 
SS. As expected, 316L featured the highest corrosion rate among the stainless 
steels, around 0.9 mm/yr and higher, while 2205 had the lowest, linearly increasing 
with viscosity up to 0.35 mm/yr. 304L SS performed closely to 2205, but corroded 




Moving on to characterization of individual materials, Figure 10.3.5 shows that the 
surface of 304L SS was not heavily affected by the test. Small erosion-
corrosion“scoops” are visible and they increase in severity with increasing 
viscosity. This can also be confirmed through SEM images, as shown on Figure 
10.3.6. Erosion-corrosion scoops caused by carried alumina particles are clearly 
visible, and some can also be observed stuck on the surface. Increasing viscosity 
led to more scoops and localized damage. The “teardrop” shape of the local 







Figure 10.3.5: Profilometer images of 304L SS surface as prepared before testing 
(top), after 100 h exposure to white liquor and 10 g/L alumina particles at 7500 rpm 
and 2.85 cP (upper middle), after 100h exposure to white liquor with 10 g/L alumina 







Figure 10.3.6: Erosion-corrosion damage as seen on SEM for 304L exposed to 10 
g/L alumina-containing white liquor for 100 h at 2.85 cP (left) and 6.20 cP (right). 
Flow is directed left to right. 
 
As mentioned during the discussion of Figures 10.3.3 and 10.3.4, 316L SS showed 
a higher corrosion rate compared to 304L SS, and this is consistent with the 
observable surface damage. The 316L surfaces shown on Figure 10.3.7 show 
deeper, rounder “scoops” compared to 304L SS, which indicates that repassivation 
was slower and that particle impacts were more effective at breaking down the 
passivity locally. This becomes especially apparent when moving into higher 
viscosities, e.g. for 14.86 cP the surface is completely covered with erosion-
corrosion damage. SEM pictures also confirm this, as scoops appear whenever 
rotation occurs, but the number and severity of erosion-corrosion local attack sites 
increase visibly at higher viscosities, as shown on Figure 10.3.8. The SEM image 
of the sample before testing shows the size of 2000-grit polishing marks, which are 
far narrower and longer than the observed damaged surface features, once again 









Figure 10.3.7: Profilometer images of 316L SS surface as prepared before testing 
(top), after 100 h exposure to white liquor and 10 g/L alumina particles at 7500 rpm 
(upper middle), after 100h exposure to white liquor with 10 g/L alumina and 0.5 




Figure 10.3.8: SEM images of the erosion-corrosion damage on the surface of 
316L SS, after exposure to white liquor and 10 g/L alumina: without rotation (top 
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left), at 7500 rpm and 2.85 cP (top right), 7500 rpm and 6.20 cP (bottom left) and 








Figure 10.3.9: Profilometer images of 2205 DSS surface as prepared before 
testing (top), after 100 h exposure to white liquor and 10 g/L alumina particles at 
7500 rpm (upper middle), after 100h exposure to white liquor with 10 g/L alumina 
and 0.5 wt% agar (lower middle) and 1 wt% agar (bottom). Flow is directed 
downward. 
 
Figure 10.3.9 represents the observed behavior of 2205 DSS and is consistent 
with the trend of larger and rounder erosion-corrosion scoops being observed with 
increasing viscosity that was established by the austenitic stainless steels. The 
surface has no distinguishable features without rotation, and the corrosion rate is 
extremely low at 0.016 mm/yr, but erosion-corrosion scoops appeared once 
rotation was implemented during testing. The intensity of these scoops increased 
with viscosity again. However, SEM images as shown on Figure 10.3.10 revealed 
that once 1% agar by weight was reached, the surface appeared “marbled” in a 
pattern that was perpendicular to the axis of rotation. This was found to be 
reproducible using three samples and was invisible on images generated by 
profilometry due to the very small size of the generated features. Due to the pattern 
being perpendicular to the flow direction and the scoops caused by particle strikes, 
the “marbling” effect cannot be due to flow effects alone. Since such patterns are 
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absent on the surface exposed to the test solution without rotation, it must have 
resulted from a synergistic interaction between the flow and chemical effects.  
Due to the two-phase nature of the microstructure of duplex stainless steels like 
2205 DSS, which contains ferrite and austenite phases, EDS point spectra were 
taken at eight damaged and undamaged spots. When choosing the scanning 
points, care was taken to stay away from boundaries, so that the spot size of the 
EDS detector would not cause contamination of the results. EDS was also 
performed at a higher than usual EHT of 24 kV in order to be able to distinguish 
between sulfur and molybdenum through the secondary molybdenum peak around 
16 keV. This was essential due to the presence of sulfur in the test environment 
and the presence of molybdenum in 316L SS and 2205 DSS. The secondary peak 
was important due to its role in determining the presence of molybdenum, a 
material that is known to form soluble molybdate ions in strongly alkaline 
conditions. The validity of the results was also tested by performing an EDS scan 
on 304L SS, which does not contain any molybdenum. The sulfur/molybdenum 
area of the spectrum was found to not have a peak even though the material had 
been exposed to the same sulfur-containing environment, and it was therefore 










Figure 10.3.10: SEM images of 2205 after 100h without rotation (top left), after 
exposure to white liquor containing 1 g/L alumina particles at 7500 rpm and 2.85 
cP (top right), 10 g/L alumina particles at 7500 rpm and 2.85 cP (bottom left) and 
7500 rpm and 14.86 cP (bottom right). Flow is directed left to right. 
 
The average results of the EDS spectra in damaged and undamaged sites are 
shown in Table 10.3.1. Both individually and on average, the EDS spectra showed 
a concentration of chromium and molybdenum at the damaged sites, which also 
had a lower nickel content compared to the bulk composition. As chromium and 
molybdenum are both ferrite stabilizers and nickel is an austenite stabilizer, it was 
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concluded that the damaged regions carried ferrite characteristics beyond a 
reasonable doubt and that selective dissolution of ferrite phase was occurring 
under the tested conditions. As mentioned earlier, this must be an interplay 
between the chemical aspect, where molybdenum tends to form molybdate ions 
and dissolve in alkaline conditions, and the flow effects with its probable 
suppression of repassivation. This factor must be essential to the overall corrosion 
process, since preferential attack was not observed on a sample that was tested 
in the same environment without rotation applied to it. 
 
Table 10.3.1: EDS scan results, average over 8 spectra for each damaged and 
undamaged regions as seen on electron image 
Element Damaged 








Si 0.64 (0.07) 0.39 (0.07)  Weak ferrite stabilizer 
Cr 24.92 (0.09) 21.90 (0.17)  Bulk 22% wt, ferrite 
stabilizer 
Mn 1.74 (0.14) 2.05 (0.09)  Bulk 2% wt, austenite 
stabilizer 
Fe 64.40 (0.23) 67.77 (1.16)   
Ni 3.42 (0.10) 5.5 (0.22)  Bulk 4.5% wt, austenite 
stabilizer 
Mo 4.89 (0.19) 2.39 (1.12)  Bulk 3.5% wt, ferrite 
stabilizer 






Through rotational tests and measurement of mass loss followed by surface 
characterization, erosion-corrosion damage was confirmed under the tested 
conditions due to observed teardrop-shaped scoops typical of particle-induced 
abrasion of the surface. The highest corrosion rate under rotation was observed 
on C1018, with a corrosion rate of 7.37 mm/yr and a surface that underwent 
general corrosion rather than localized attack. 316L had the highest corrosion rate 
among the stainless steels with corrosion rates up to 1.6 mm/yr, while 304L and 
2205 had lower and comparable corrosion rates up to 0.5 mm/yr, with 2205 DSS 
performing marginally better with a slightly lower corrosion rate. The best fitting 
variable to the corrosion rate trends was found to be the laminar wall shear stress, 
confirming the important role of viscosity and velocity profile, flow effects which 
had been largely ignored in previous studies. Visible damage was observed 
through profilometry and SEM images, and the general trend was the formation of 
rounder and deeper scoops with increasing viscosity and corrosion rate. Selective 
dissolution was observed at 14.86 cP for 2205 DSS, and EDS spectra confirmed 
that selective ferrite dissolution was occurring. Due to the directional nature of the 
selective dissolution and the perpendicular alignment with respect to the flow 
direction, in addition to the lack of selective dissolution in a sample used in a zero 
rotation test of equal environment and length, showed that selective dissolution 
was due to a combination of flow effects and chemical effects that would not be 
observable without the dynamic testing performed in this study. It was concluded 
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that erosion-corrosion was the mode of corrosion for all observed tests and 


















EFFECT OF MASS TRANSPORT IN LIQUID DURING EROSION-CORROSION 
 
11.1 Introduction 
The transfer of mass between two media is described by the following equation: 
𝑁 = 𝑘(𝐶𝑖 − 𝐶𝑏)                                                                   (11.1) 
where N is the flux at an interface, Ci is concentration of a chemical species at the 
interface and Cb is the concentration of the same species in the bulk solution. The 
parameter k is defined as the mass transfer coefficient. Whether equation (11.1) is 
valid or not for a chemical process depends on what the mechanism is; it is valid 
if and only if the process is limited by the mass transfer step. Determining the mass 
transfer coefficient is not straightforward, as flux is a quantity that is very difficult 





      (11.2) 
where L is a characteristic length (determined by flow geometry) and D is the 
diffusivity of the solution with respect to the species to be considered. In the 
rotating cylinder electrode geometry, the characteristic length is the radius of the 
cylinder; however, a method of measuring diffusivity of iron ions in white liquor had 




As a fast and accurate method to measure the diffusivity of a species participating 
the electrochemical process, a Randles-Sevcik plot was used. This method 
involves performing cyclic voltammetry (CV) on the sample in static conditions at 





)1/2     (11.3) 
where ip is the maximum current (A) observed in the CV plot of current vs. voltage, 
n is the number of electrons transferred in the redox reaction, A is the electrode 
area (cm2), F is Faraday’s constant (96485 C/mol), D is the diffusion coefficient, C 
is the concentration of the chemical species (mol/cm3), v is the scan rate (V/s), R 
is the Universal Gas Constant (8.314 J/mol.K) and T is the temperature (K). 
It is clear from equation 11.3 that the slope of a plot of ip vs. v1/2 will be proportional 
to the diffusivity of the chemical species in question with respect to the test solution. 
Therefore, CV scans at multiple scan rates can be used to determine diffusivity. 
Once diffusivity of the specific chemical species is determined, there is still the 
issue of defining the Sherwood number in terms of known flow variables. The first 
step is to consider the rotating cylinder electrode system as a system with a 
rotating inner cylinder (RCE) and a stationary outer cylinder (beaker wall). For 
turbulent flow in this geometry, Eisenberg et al.52 found an empirical correlation 
between the Sherwood number and well known dimensionless Reynolds and 
Schmidt numbers for the ferri-ferrocyanide reaction. Chen et al.53 recommended 
this method of Sherwood number calculation for use in controlled hydrodynamic 
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environments for corrosion testing where the radius of the inner cylinder was not 
close to the radius of the outer cylinder. The equation in question is given below: 
𝑆ℎ = 0.0791𝑅𝑒0.7𝑆𝑐0.356     (11.4) 
Where Re is the Reynolds number and Sc is the Schmidt number, both 
dimensionless. The Reynolds number is defined as the ratio of inertial forces to 







      (11.5) 
Where ρ is the density of the fluid, V is the (average) flow velocity, D is a 
characteristic length (the radius of the RCE for a setup where the outer (beaker) 




is the kinematic viscosity. The physical meaning of the Schmidt number is the ratio 
of viscous diffusion rate to the molecular (mass) diffusion rate in the fluid. The 







        (11.6) 
As the characteristic length for the RCE system is already known, speed can be 
calculated directly from applied rpm, viscosity is readily measured by a rotary or 
capillary viscometer, density can be measured by a graduating cylinder and a 
balance and a method of determining mass diffusivity has already been 
implemented (Randles-Sevcik analysis), Sherwood numbers (and thus mass 
transfer coefficients) can be calculated for any RCE corrosion tests, and compared 
to corrosion rate to determine the role of mass transport in the corrosion process. 
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11.2 Experimental Procedure 
The white liquor formula used for this study was 150 g/L (3.75 M) sodium hydroxide 
(NaOH) and 153.8 g/L (0.64 M) sodium sulfide nonahydrate (Na2S.9H2O). Fresh 
solutions were prepared before testing. The only additive used in some tests was 
agar (vegan gelatin) in order to alter viscosity and check for changes in diffusivity. 
In order to form Randles-Sevcik plots, a static three-electrode setup was used. A 
316L stainless steel sample acted as the working electrode, a platinum foil was 
used as the counter electrode and a standard saturated calomel electrode (SCE) 
was the reference electrode. Using this three electrode setup, cyclic voltammetry 
(CV) was performed at 25, 60 and 90 Celsius at scan rates of 1, 5, 10, 20, 50 and 
100 mV/s. The scan was started with a 20-minute initial period for the open circuit 
potential to stabilize, followed by a CV scan starting from +0.15 V vs. OCP to -0.50 
V vs. OCP. The current response was recorded during the experiment. This 
process was repeated for differing viscosities by introducing agar to increase 
viscosity, at concentrations of 0.5 and 1% by weight. 
In order to calculate the Sherwood number and the mass transfer coefficient, 
variables contributing to the mass transfer coefficient were organized into two 
groups: 
Known: Characteristic length, average flow velocity at the surface 




The characteristic length is known to be the radius of the RCE, which is ¼ inches, 
i.e. 6.35 mm = 0.00635 m. The flow velocity is forced upon the RCE due to the no 
slip boundary condition at the surface; the fluid must move at the same speed at 
the surface, which is being rotated at a set rpm. 
Viscosity and density of white liquor were obtained by using a Brookfield DV-I 
rotary viscometer and weighing in a graduating cylinder respectively. 
Observing the effect of the Sherwood number and thus the mass transfer 
coefficient on the erosion-corrosion of steel required an erosion-corrosion test. For 
this purpose, data obtained from earlier tests was used (Refer to Chapters 6 and 
10), which are given in the chapters on the effect of temperature on erosion-
corrosion and the effect of viscosity on erosion-corrosion. The data was re-plotted 
to show the relationship between corrosion rate and mass transfer coefficient 
rather than the Reynolds number. 
 
11.3 Results & Discussions 
A typical cyclic voltammetry curve obtained during the study is represented in 
Figure 11.3.1. The peak shape and location are as expected during a cyclic 
voltammetry test. The peak currents (which occurred during the forward scan) of 
each of these plots were measured and brought together to form Randles-Sevcik 

























































Figure 11.3.2: Randles-Sevcik plots at various temperatures. 




























It can be observed from the data in Figure 11.3.2 that good linear correlation has 
been achieved in the Randles-Sevcik plots with minimal error (less than 9%). After 
producing such plots for each combination of temperature and agar content by 
weight, Table 11.3.1 was produced in order to summarize the results including the 
slopes and the diffusivity values. The conclusions to be drawn from Table 11.3.1 
are that higher temperature and lower agar content increase diffusivity. However, 
all values are within an order of magnitude of each other. The effect of temperature 
is expected due to higher mobility of ions to move through the solution at higher 
temperature, even if the effect is slight. As agar forms a network within the solution, 
it also makes sense that higher agar content would decrease diffusivity. The 
reason for higher results at 60oC may be due to the ions diffusing through the 
solution changingfrom iron to chromium, indicating corrosion damage to the 
passive film. This supports the observation of higher corrosion rates at 60oC imply 
(see Figures 11.3.3-11.3.6). 
Erosion-corrosion tests were evaluated in order to understand the effect of the 
mass transfer coefficient on the erosion-corrosion rate and thus the mechanism 
of erosion-corrosion. The Reynolds number for all erosion-corrosion tests is 
known, as the viscosity, test geometry and the speed of the solution at the 
surface are all known. Using the methodology introduced in the Introduction 
section, the Schmidt number can be determined for each condition and be used 
to calculate the Sherwood number at each rotation rate and temperature. This 
data is shown on Tables 11.3.2 and 11.3.3. Combining this with the data from 
Table 11.3.1, the definition of the Sherwood number can be used in order to 
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determine mass transfer coefficient for each test. Plotting corrosion rates on the 
y-axis and mass transfer coefficients on the x-axis yields Figures 11.3.3-11.3.6.  
 
Table 11.3.1: Calculated diffusivities for each temperature and agar content. 
Agar content (wt%) T(K) R-S slope D 
0 298.15 0.0007 2.17E-07 
0 333.15 0.0007 2.23E-07 
0 363.15 0.0009 2.59E-07 
0.5 298.15 0.0003 1.42E-07 
0.5 333.15 0.0036 5.07E-07 
1 298.15 0.0002 1.16E-07 









Table 11.3.2. Calculated Reynolds numbers with respect to rpm and temperature 
for the erosion-corrosion test geometry, without agar addition. 
 Reynolds Number  
rpm 
 
Temperature (deg. C) 
25oC 60 oC 90 oC 
0 0 0 0 
1000 740.7998 1508.057 2222.399 
2000 1481.6 3016.113 4444.799 
3000 2222.399 4524.17 6667.198 
4000 2963.199 6032.227 8889.597 
5000 3703.999 7540.283 11112 
6000 4444.799 9048.34 13334.4 
7000 5185.598 10556.4 15556.8 
8000 5926.398 12064.45 17779.19 
9000 6667.198 13572.51 20001.59 
10000 7407.998 15080.57 22223.99 
 
 
Table 11.3.3. Schmidt numbers for the different temperatures. 
T Sc Sc (1%) 
25 11.22533 31.61366 
60 5.365835 14.73196 





Figure 11.3.3: Relationship between mass transfer coefficient and corrosion rate 
for C1018 carbon steel. 
 
 
Figure 11.3.4: Relationship between mass transfer coefficient and corrosion rate 



























































Figure 11.3.5: Relationship between mass transfer coefficient and corrosion rate 
for 316L (austenitic) stainless steel. 
 
 
Figure 11.3.6: Relationship between mass transfer coefficient and corrosion rate 






























































Examination of Figure 11.3.3 shows almost negligible effect of mass transfer 
coefficient on the corrosion rate of the C1018 carbon steel at 25oC and 60oC, but 
an increasing corrosion rate with an increase in the mass transfer coefficient at 
90oC was observed. However, it should be noted that the increase of mass transfer 
coefficient is due to the increase in the Reynolds number as the rotation rate of the 
rotating cylinder electrode is increased. Therefore, it is necessary to compare 
results to corrosion curves obtained in the previous work (refer to Chapter 6). It 
should also be remembered that generally corrosion rate vs. Reynolds number 
curves are S-shaped (see Section 6.3) while corrosion controlled by mass 
transfer/concentration polarization shows a linear trend for the carbon steel. This 
comparison reveals that the shape of the mass transfer coefficient vs. corrosion 
rate curves is the very similar to that for the Reynolds number vs. corrosion rate 
curves. For the linear relationship observed in Figure 11.3.3 (90oC), it can therefore 
be concluded that mass transfer inside the solution can affect the erosion-
corrosion mechanism. This type of behavior shows that the concentration of 
chemicals in the solution near the surface are affecting its behavior, indicating a 
re-precipitation mechanism for the formation of passive film for the carbon steel 
C1018. However, for 304L, 316L and 2205 steels, the mass transfer coefficient vs. 
corrosion rate curves show an almost flat region at the beginning, followed by an 
increase in the erosion-corrosion rate, typical of flow-assisted corrosion curves, 
indicating that the trends observed are due to the change in Reynolds number 
rather than the Sherwood number or the mass transfer coefficient. Each figure is 
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similar in shape and scale to the respective Reynolds number vs. corrosion rate 
curve as shown in the chapter concerning the effect of viscosity on erosion-
corrosion. This shows that change in the corrosion rate was predominately due to 
changes in the Reynolds number and not the mass transfer coefficient, as the 
mass transfer coefficient includes a Re factor as shown in the introduction. 
Therefore, the mass transfer within the white liquor is not the controlling step of the 
corrosion reaction and the process is not controlled by concentration polarization 
for the austenitic stainless and duplex stainless steels in the white liquor 
environments tested in this study. 
 
 
Figure 11.3.7: Relationship between mass transfer coefficient and corrosion rate 































The same process used to obtain Figures 11.3.3-11.3.6 was repeated for 60oC, 1 
wt% agar, yielding Figure 11.3.7. The corresponding plot under the same 
conditions for all active-passive alloys at 60oC and 1 wt% agar is shown in Figure 
11.3.8. Once again, the similar shape and trend to that seen for the stainless steels 
in Figure 11.3.7, is visible on both plots. While the trend is very similar, the shape 
is compressed on the x-axis due to the exponent of the Reynolds number within 
the formula leading to the mass transfer coefficient being 0.7. Consequently, it can 
be inferred that even when agar is added to the white liquor, the erosion-corrosion 
process is not controlled by concentration polarization or diffusion within the white 
liquor. With agar addition, the same rpm values yield lower mass transfer 
coefficients, due to the higher viscosity dropping the Reynolds number. The 
increase in Schmidt number is insufficient to counteract this effect, as Re has a 
larger positive exponent during the calculation of the Sherwood number, which is 
directly proportional to the mass transfer coefficient. 
In this study, Randles-Sevcik plots were utilized to calculate the diffusivity of white 
liquor solutions at different temperatures and viscosities, and this information was 
used in the calculation of Schmidt and Sherwood numbers as well as mass transfer 
coefficients for each condition. Plotting mass transfer rate vs. corrosion rate 
revealed that corrosion rate was insensitive to mass transfer rate at 25oC for all 
tested steels (carbon steels as well as stainless steels). Slightly increasing trends 
showed up for the active-passive alloys at 60 and 90oC while for C1018 this was 
visible only at 90oC. However, as the trends were remarkably similar to previously 
observed relationships between the Reynolds number and the corrosion rate under 
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the same conditions (refer to the chapter about the effect of viscosity on erosion-
corrosion), it was concluded that the process was not controlled by the mass 
transfer rate and thus not controlled by concentration polarization or diffusion of 
metal ions within the test fluid, except for C1018 at 90oC. 
 
 
Figure 11.3.8. Relationship between Reynolds number and corrosion rate for 
tested active-passive alloys at 60oC and 1 wt% agar. 
 
11.4 Conclusions 
This study revealed the following points concerning mass transfer and its role in 
the erosion-corrosion of steels in white liquor: 
 Diffusivities for iron/chromium ions in the solution were in the low-medium 






























 With agar addition to the white liquor, Reynolds number decreased while 
the Schmidt number increased, with mass transfer coefficient decreasing 
slightly, 
 Both with and without agar addition, the erosion-corrosion rate vs. mass 
transfer coefficient curves had a similar shape to the erosion-corrosion rate 
vs. Reynolds number curves for all tested alloys including carbon steel and 
stainless steels. 
 Mass transfer coefficient vs. corrosion rate curves were consistent with 
shear-related curves, i.e. S-shaped for 304L, 316L and 2205, indicating that 
the increase in their corrosion rates were due to the increase in Re from 
faster rotation rather than the change in mass transfer coefficient. 
 The erosion-corrosion process at the tested temperatures for 304L, 316L 
and 2205 is not controlled by mass transfer or concentration polarization. 
 C1018 showed a linear trends on the mass transfer coefficient vs. erosion-
corrosion rate and Re vs. erosion-corrosion rate curves with a significantly 
positive slope at 90oC, indicating active behavior which may be associated 
with mass transport control (which is consistent with the re-precipitation 
theory of repassivation). 
 In general, the erosion-corrosion of stainless steels in white liquor at the 











When a flowing fluid interacts with a surface, shear stresses are generated on the 
surface. The magnitude of shear stresses depends on the velocity profile, i.e. the 
evolution of velocity with respect to the perpendicular direction to the surface, and 
the fluid viscosity. Mathematically, the shear stress equation due to flow is 




      (12.1) 
Where  is the shear stress acting on the wall, μ is the dynamic viscosity of the 
fluid, y is the orthogonal distance from the surface and u is the velocity (a function). 
The associated boundary condition, also called the “no-slip condition”, states that 
urelative=0 at the surface, as the surface and the fluid must move at the same rate 
to avoid slipping. 
Flow has two main modes: Laminar and turbulent. In laminar flow, an infinitesimal 
volume of fluid follows a predictable path called a flow line, and parts downstream 
from this volume also follow the same set path. Essentially, this means that the 
velocity field is constant and depends only on position. In general, laminar flow 
occurs in high viscosity, low flow speed conditions and is visually distinguished by 
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a still appearance. As the velocity field does not depend on time, ripples and other 
movement does not occur. In pipe flow, laminar flow has a parabolic velocity 
profile, with the highest velocity in the middle. The profile can be simulated by fitting 
a parabola to the geometry using the no slip boundary condition and maximum 
velocity parameter. The parabolic profile also means that the boundary layer 
(defined as the distance from a surface at which 90% of average flow velocity is 
attained) is generally wide and the velocity gradient is low compared to turbulent 
flow, leading to lower shear stress acting on the wall. However, laminar flow is 
useful for calculation of flow variables such as wall shear stress as the flow field is 
well defined and can be calculated using established mathematical techniques. 
In turbulent flow, (infinitesimal) control volumes no longer follow a set path. The 
velocity field gains a turbulent component that is dependent on time and 
completely random in magnitude and direction, causing parts of the fluid to 
intermingle with other parts of the flow. This is visually observable as unstable 
swirling, waves and churning motion on the surface of the fluid. This chaotic 
behavior makes turbulent flow very difficult to characterize using exact analytic 
methods, and thus most data and solutions are approximate and empirical. 
However, exact velocity fields and boundary layer thicknesses are available for 
certain geometries, such as flow over a flat plate. The velocity profile in turbulent 
flow is flattened compared to the laminar velocity profile, with a thinner boundary 
layer and higher velocity gradient, as shown in Figure 12.1.1. This means that 
turbulent flow will often cause a significantly higher shear stress on a surface than 
laminar flow with the same average velocity. Another important effect of turbulent 
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flow beyond the changes on the velocity field and the loss of “layered” flow without 
mixing without layers is a higher effective viscosity. This behavior does not actually 
involve increased viscosity, but is based on the generally higher shear effect 
exerted on surfaces by turbulent flow, which can lead to 2-3 times higher effective 
“turbulent” viscosity for the fluid. However, a thorough literature search did not 
reveal a satisfactory method of calculating velocity profiles for the rotating cylinder 
geometry in turbulent flow conditions. 
Using the velocity profile and the viscosity of the fluid in question, it is possible to 
determine the wall shear stress exerted on a surface in contact with the flow as 
has been shown on Equation 12.1. The wall shear stress is important for erosion-
corrosion studies as this mechanical effect can influence the corrosion process in 
significant ways. As passive films are in fact ceramic films, they are susceptible to 
shear. This can lead to instability or inability to properly repassivate; a main 
characteristic important for erosion-corrosion. This study demonstrates the effect 
of shear stress due to flow on corrosion rate in a white liquor environment for steels 
including C1018 carbon steel, 304L austenitic stainless steel, 316L austenitic 
stainless steel and 2205 duplex stainless steel. 
The velocity profile close to the surface (in the viscous/laminar sublayer of the 













      (12.3) 
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Where u is the flow velocity (average), u* is the shear velocity, y is the distance 
from the surface and ν is the kinematic viscosity. All variables except the velocity 
gradient are known, and the velocity gradient at the wall can be approximated by 
dividing bulk velocity by the theoretical boundary layer thickness (Equation 12.6) 






Figure 12.1.1. Representative velocity profiles for laminar flow (left) and turbulent 
flow (right). The horizontal red lines represent the limit of the boundary layer. 
 
Another way to find the tangential velocity profile is to use the concept of circulation 
(Γ). Circulation is defined as a closed path line integral of the velocity field. By 
considering the velocity field to be a conservative vector field, i.e. ignoring the curl 
of the flow field, circulation becomes constant throughout the velocity field. This 
leads to a constant r.u product: 
Γ = 2𝜋. 𝑟. 𝑢(𝑟) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡    (12.4) 
In this case, all that is necessary to find the velocity profile is knowledge of the 





electrode is known and the velocity at the electrode surface is dictated by the no-
slip boundary condition (the velocity is equal to the linear velocity of the surface), 
the value of tangential velocity anywhere in the solution can be calculated using 
Equation 12.4. The velocity profiles obtained in this way coincide perfectly (less 
than 1% difference) with the laminar shear stress calculated via the previous 
method. This provides valuable validation to the methods utilized to obtain the 
velocity profiles. As turbulent flow has an inherently non-conservative velocity field, 
it is not surprising that the results are in agreement with the calculated laminar 
velocity profile. 
Turbulent flow presents a large challenge when determining wall shear stress, as 
the flow field has not been theoretically established and the unstable, changing 
velocity field and effective viscosity cannot be directly measured. One simplistic 
approach to solving equations of turbulent flow and determining its velocity profile 
and wall shear stress is to assume flow farther from the wall, in turbulent flow, 
where the velocity profile is determined by the logarithmic law of the wall, given by 






ln 𝑦 + 𝐶     (12.5) 
Where κ is von Karman’s constant (κ=0.41 for a smooth surface55) and C is an 
integration constant (C=5 for a smooth surface). The definition of the shear velocity 
does not change. Using these equations, a velocity profile and wall shear stress 
can be calculated. To avoid having to solve a differential equation, it is possible to 
roughly estimate the velocity gradient by assuming a nearly-linear velocity profile 
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in the boundary layer (this is more accurate for turbulent flow) and dividing the flow 








1/5     (12.7) 
Velocity profiles and shear stresses were based on these equations, with the 
hydrodynamic characteristic length x becoming the characteristic length for the 
rotating cylinder electrode, which in turn is the radius of the electrode due to the 
fact that the outer cylinder (beaker wall) radius is much larger than the radius of 
the RCE. It should, however, be stressed again that using Blasius’ solution and 
changing Rex into Re with a new characteristic length is a simplistic approach for 
turbulent flow (even though it agreed well with the circulation method for laminar 
flow) and the most reliable result comes from circulation-based laminar flow 
calculations. 
 
12.2 Experimental Procedure 
For these experiments, the standard testing procedure for RCE tests were used 
that were described in the other chapters; for 100 h exposure tests, a sample of 
steel (C1018, 304L, 316L or 2205) was weighed and then mounted on a shaft 
connected to a Talboys Model 101 continuous-duty chemical stirrer. The sample 
was then immersed in a plastic beaker (6 in. diameter) containing 500 mL white 
liquor. The liquor contained up to 1 wt.% agar (vegan gelatin) for viscosity 
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adjustment, which in turn changed wall shear stress at the same rotational speed, 
as well as alumina particles (50 or 1000 micron average particle size) to simulate 
organic and inorganic second phases seen in industrial liquors. The sample was 
rotated at 7500 rpm for 100 hours in this mixture before being cleaned with 
deionized water, acetone and methanol before a final rinse with deionized water. 
The sample was then dried and weighed. The weight loss sustained during the 
experiment was converted to annual corrosion rate by assuming uniform material 
removal from the side surface of the electrode. For short-term exposure tests, 
Linear Polarization Resistance (LPR) was used to obtain instantaneous corrosion 
rate and Faraday’s law was used to convert this to annual corrosion rate in mm/yr. 
The short term electrochemical tests were performed to measure the 
instantaneous corrosion rate on rotating cylindrical electrode samples, using a 4.5-
in plastic beaker with 250 mL of white liquor and the same additives as the long 
term tests. A three electrode setup was used for the LPR after allowing 30 minutes 
for the system to stabilize at the open circuit potential. The steel sample became 
the working electrode, a saturated calomel electrode (SCE) was the reference 
electrode and a platinum foil counter electrode was utilized. 
 
12.3 Results and Discussion 
Calculated velocity profiles for laminar and turbulent flow, using relationships given 
in equations 12.2-12.5, on an RCE are given in Figure 12.3.1, assuming semi-
infinite fluid medium. This assumption is valid as the ratio of the radii of the RCE 
and the beaker is very small (1/18). Actually, the maximum radial distance within 
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the beaker is 2.25 in (~0.057 m). These profiles may look counter-intuitive to a 
person used to flow over a stationary surface, but it makes sense as in laminar 
flow the velocity field drops off more quickly as the distance from the rotating 
surface increases. The turbulent profile is much harder to represent accurately far 
away from the surface of the cylinder due to the decreasing turbulence and lower 
turbulent viscosity as distance from the surface increases. Therefore, turbulent 
profiles have been included only very close to the surface. 
Calculated shear stress vs. corrosion rate plots are presented in Figures 12.3.2 
and 12.3.3 for exposure of different alloys at 60oC to white liquor with 10 g/L 
alumina particles for 100 hours. The R2 values are at least 0.867, showing a strong 
proportionate relationship. 
The wall shear stress data necessary for the generation of erosion-corrosion rate 
vs. wall shear stress curves was calculated using the velocity profiles presented in 
Figure 12.3.1. The linear relationship between wall shear stress and erosion-
corrosion rate as seen on Figures 12.3.2 and 12.3.3 indicates that the shear stress 
is causing the mechanical enhancement of corrosion leading to the erosion-
corrosion phenomenon in the tested conditions. Due to the much higher 
confidence in the calculation of the laminar flow field, the laminar wall shear stress 
variable should be considered more accurate. It should be noted that the relatively 
low shear stress is not enough by itself to damage metal oxides which make up 
the passive film, but damage can occur due to the presence of hard particles and 
their impact on the passive film within the same flow, as is evident from the 
significantly increasing corrosion rate with respect to the wall shear stress. The 
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Figure 12.3.1: Turbulent and laminar velocity profiles at a.2500 rpm, b.5000 rpm, 
c.7500 rpm, d.10000 rpm for an RCE. Note that radial distance starts from the 
center of the electrode, i.e. the starting point is the electrode surface (0.00635 m 

























































Figure 12.3.2: Erosion-corrosion rate of selected alloys as a function of calculated 
laminar wall shear stress due to flow 
 
 
Figure 12.3.3: Erosion-corrosion rate of selected alloys as a function of 
calculated average turbulent wall shear stress due to flow 
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To support this point of data, Figure 12.3.4 contains the laminar wall shear stress 
vs. erosion-corrosion rate relationship for a metal with and without the inclusion of 
alumina particles. Therefore, the effect of wall shear stress is not present when 
particles are not present. On the other hand, Figure 12.3.5 shows that this effect 
is not merely due to particles, as there is no increase in erosion-corrosion rate 
under the same conditions even with an increase in particle concentration that 
spans two orders of magnitude. The only logical explanation for this observation is 
that shear and particle action must be synergistic, which also supports other 
findings (see the chapter Viscosity) where high shear and particles in combination 
caused a much higher overall corrosion rate during testing. Figure 12.3.6 and 
12.3.7 show that the same observations are also true for the other tested steel 
classes, including carbon steels (as long as they passivate, which is only at 25oC 
as seen in the Effect of Temperature chapter) and austenitic stainless steels. 
 
 
Figure 12.3.4: The effect of particle presence on erosion-corrosion rate with 































Figure 12.3.5: Effect of particle concentration on the erosion-corrosion rate with 
respect to wall shear stress for 2205 DSS. 
 
 
Figure 12.3.6: Erosion-corrosion rate vs. rotational speed curves for C1018 
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Figure 12.3.7: Erosion-corrosion rate vs. rotational speed curves for 304L 
austenitic stainless steel (25oC) 
 
12.4 Conclusions 
Results from the tests described in this chapter can be summarized as follows: 
 Shear stresses alone due to liquid flow (in the tested range) are not 
enough to break down the passive film on tested active-passive alloys in 
white liquor under the tested conditions 
 When particles are combined with shear effects due to flow, erosion-
corrosion rate of active-passive alloys depends linearly on the wall shear 
stress at constant speed 
 As a derivative of the last two points, the mechanism of erosion-corrosion 






























application of sufficient shear force acting on the surface due to fluid flow 
to make the tested alloys locally more susceptible to erosion-corrosion 
attack 
 The curl of the laminar flow system is negligible due to the coincidence of 
















MODELING OF EROSION-CORROSION BY MACHINE LEARNING 
 
13.1 Introduction 
Machine learning is a method that allows interpretations of new data using an 
established database of older data by referring to already-known results (known 
as “labels”) and extrapolating between them to estimate the label that would be 
assigned to a different experiment. This can be a powerful tool for corrosion 
prediction, because it makes it possible to estimate a range of corrosion rates for 
a certain family of materials in a specific range of environments without actually 
performing experiments. In this chapter, a machine learning method, the Support 
Vector Machine (SVM) has been utilized and tested to estimate and compare 
corrosion rate labels for a variety of tested materials and environments that were 
not part of the original (training) dataset.  
SVM is a machine learning technique used to perform classification of native or 
additional data within a given dataset. This method takes input containing a 
number of parameters with a binary classifier (label) and plots all data points in an 
n-dimensional space, where n is the number of parameters associated with each 
point. Classification consists of taking each data point and evaluating it with a label. 
Classification is then set up by finding the optimal hyperplane separating all 
subsets of the dataset, where each subset represents a single label. An optimal 
hyperplane would provide the maximum margin between each data point of 
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datasets as shown in Figure 13.1.1. In this two-dimensional example, the optimal 
hyperplane consists of a line or curve; however, the SVM technique is applicable 
to any number of variables and thus any number of dimensions. In general terms, 
the hyperplane is formed by all points that satisfy equation 13.1: 
?⃗?  . 𝑥 − 𝑏 = 0      (13.1) 
Where n is a vector normal to the hyperplane, x is the position vector of the point 
and b is a constant that represents the distance of the point to the hyperplane. By 
minimizing b, the closest data points with different labels can be determined (as 
their coordinates are known) and the hyperplane will pass midway through these 







Figure 13.1.1: Two-dimensional representation of a support vector machine. The 
solid line represents the hyperplane between the green and red labels. 
 
While SVMs use binary classifiers, an extension of the method exists, called multi-





with more than two labels into multiple systems with two labels and calculates a 
hyperplane for each such subsystem. This makes it possible to distinguish 
between three or more labels, which is necessary for corrosion research since it 
would be a very rough classification to group corrosion performance in just two 
categories. 
 
13.2 Computational Modeling 
In this research 30 corrosion related parameters were calculated by experimental 
techniques for 369 different materials and environment related conditions. The list 
of parameters is given below: 
 Temperature (oC) 
 Agar concentration (wt.%) 
 Rotational speed (rpm) 
 Particle concentration (g/L) 
 Solution volume (cm3) 
 Solution density (g/cm3) 
 Dynamic viscosity (cP) 
 Mass diffusivity (m2/s) 
 Exposure duration (h) 
 Average particle size (µm) 
 Sample radius (mm) 
 Particle volume fraction 
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 Particle number density (cm-3) 
 Velocity at the sample surface (m/s) 
 Laminar wall shear stress (MPa) 
 Turbulent wall shear stress (MPa) 
 Skin friction coefficient 
 Shear rate (s-1) 
 Reynolds number 
 Schmidt number 
 Sherwood number 
 Mass transfer coefficient 
 Nickel (Ni) content (wt.%) 
 Carbon (C) content (wt.%) 
 Manganese (Mn) content (wt.%) 
 Chromium (Cr) content (wt.%) 
 Molybdenum (Mo) content (wt.%) 
 Combined concentration of austenite stabilizers (wt.%) = Mn + Ni 
 Combined concentration of ferrite stabilizers (wt.%) = Cr + Mo 
 Combined concentration of Ni+Mn+Mo (wt%) 
Note that all parameters on the list are either known or can be calculated by first 
principles or approximated. Therefore, it is possible to obtain a full list of such 
parameters a priori. The only dependent variable, ‘Corrosion rate’ defines the 
adequacy of a material in a given environment.  
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To begin building a machine learning/multi-label SVM model, an original dataset 
was formed by calculating all of these parameters for most of the erosion-corrosion 
tests performed throughout this work. This included preliminary tests (Section 
6.3.1), temperature-dependent tests (Section 6.3.2), Particle size and density 
dependent tests (Chapter 8), Viscosity-dependent and long-term tests (Chapters 
9-10). The chosen dataset contained 369 different tests. 
In order to be able to assign labels to each individual test, ranges of corrosion rates 
had to be labeled with specific terms and assigned to each test rather than a 
numeric value of corrosion rate. For this purpose, a classification method based 
on the range of acceptable corrosion rate for stainless steels in sulfide 
environments was used, as shown in Table 13.2.1. This method is easy to put into 
a computerized format and includes the following classifications in Table 13.2.1: 
The SVM technique was used to train all data using Matlab. The code is included 
in Appendix B. The code utilizes three functions from the Matlab toolbox: multisvm 
(by Anand Mishra and Cody Neuburger), classperf and crossvalind. These are 
used to assign cross validation indices to parts of the dataset pertaining to each 
partition used for the cross validation process (crossvalind), monitor the 
performance of classifier validation (classperf, used to calculate accuracy during 
cross validation) and set up the SVM model with multiple labels (multisvm). Since 
there are four labels (based on corrosion rates) in total, a multi label support vector 
machine technique was required for this process (this is necessary when there are 





Table 13.2.1: Corrosion classification scheme, modified for machine learning 
labels 
Condition Verdict Label 
Corrosion rate < 2 mpy (0.0508 mm/yr) Passive 4 
2 mpy (0.0508 mm/yr) < Corrosion rate < 10 mpy (0.254 
mm/yr) 
Acceptable 3 
10 mpy (0.254 mm/yr) < Corrosion rate < 20 mpy (0.508 
mm/yr) 
Marginal 2 
Corrosion rate > 20 mpy (0.508 mm/yr) Unsuitable 1 
 
 
First, all 369 tests and 30 features were taken as input (or training dataset). In 
order to define a training set and a testing set, 10-fold cross validation was used. 
This method divides the data into 10 parts that are as equally-sized as possible 
and uses one of them as the testing set. The other 9 parts are brought together 
and used to “train” the data so that patterns and correlations between large 
numbers of variables can be captured. Then the resulting SVM model is used to 
guess the labels of the testing set and compared with the actual labels. This 
process is repeated 10 times until each of the ten parts has become the testing 
set, and the average accuracy of the ten SVM estimators is calculated. This 
method is useful for judging the dataset’s theoretical accuracy of estimation within 
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itself, which helps avoid overfitting between data points. The higher the accuracy, 
the better the results can be generalized to work with another, independent 
dataset. 
Second, a random number generator was used to select five tests and remove 
them from the dataset. After removal, the remaining 364 tests were used to train 
the data and generate a model and this model was used to estimate the labels of 
the previously removed tests as 1, 2, 3 or 4, translating to “unsuitable”, “marginal”, 
“acceptable” and “passive” respectively. 
 
13.3 Results and Discussion 
13.3.1 Cross-validation 
Using ten-fold cross validation on the entire dataset, the classification prediction 
accuracy on average was found to be approximately 78%, with a rather high 
variance between individual accuracies for each SVM. This means that the dataset 
is reasonably robust against overfitting problems, but improvements are possible 
through feature extraction, which would choose between parameters by isolating 
and rating them based on statistical correlation with corrosion rate, or by adding 
new parameters and testing them to see if they improve accuracy.  
Feature selection can be performed via an algorithm which creates receiver 
operating characteristic (ROC) curves and selects the parameters that best 
correlate with the target labels, or it can be done using existing knowledge about 
the system. As this work has characterized the effects of multiple parameters on 
198 
 
erosion-corrosion of steels in white liquor and all parameters have some physical 
meaning, the latter method was chosen to attempt to improve the model. It should 
be noted that removal of parameters that do not affect the target phenomenon 
would not increase accuracy, but rather make the model run faster. Adding new 
parameters can improve accuracy, but based on this work all effective variables 
were already included in the model as listed in Section 13.2. 
Based on the research within this work, the particle concentration was not a 
significant factor above a concentration of 1 g/L. Therefore, all 0 g/L data was 
assigned a value of 0 (no particles) and all 1, 10 and 100 g/L data were assigned 
a value of 1 (particles exist at or above 1 g/L) to simplify the data. Then, all other 
parameters relating to particle concentration, such as number density and volume 
fraction, were removed. Variables that theoretically do not relate to erosion-
corrosion rate or have few data points, e.g. solution volume and sample radius, as 
well as variables that directly correlated to others without additional physical 
meaning (such as the combined composition variables other than austenite and 
ferrite stabilizers and agar concentration) were also removed, bringing the total 
number of variables to 24. This new 24-parameter model yielded an average 
accuracy of 74% after 10-fold cross validation, so the removed parameters caused 
very little decrease in accuracy, if any at all. This supports the conclusions of 
Chapter 8 in that the particle concentration above 1 g/L and related parameters 
had very little effect on the erosion-corrosion rate. 
To check that the dataset contains sufficient data points to evaluate independent 
experiments, different cross validation numbers were applied to the dataset. The 
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results shown on Table 13.3.1 reveal that both for the 30-parameter model and the 
24-parameter model had little change in accuracy beyond 5-fold cross validation. 
This means that the accuracy of the model is independent from training set size as 
long as the training set size is above 295. Since the dataset contains 369 tests, 
which is larger this number, the results from the next section (where the testing set 
contains 5 tests and the training set contains 364) can be considered valid. 
 
Table 13.3.1: Effect of cross validation number and testing/training set size on 
accuracy percentage of SVM model 
 
 





30 2 184 185 69 
30 5 74 295 73 
30 10 37 332 75 
30 20 18 351 74 
30 74 5 364 75 
24 2 184 185 70 
24 5 74 295 71 
24 10 37 332 74 
24 20 18 351 72 
24 74 5 364 73 
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13.3.2 Training with reduced dataset and testing with removed data 
Using the second computational method described in Section 13.2, five random 
tests were detached from the dataset and the rest used to train a model and guess 
the labels of the detached set of tests. This procedure was performed twenty times, 
with the results given in Table 13.3.1. Next, the corrosion potential was added and 
the new dataset with 31 parameters was split and trained in the same procedure. 
The results are given in Table 13.3.2. With only independent (determinable a priori) 
variables, the overall accuracy is 75%. When the independent parameter of 
corrosion potential is included, this accuracy becomes 78%. With the 24-parameter 
model with feature selection as described in the previous section, this accuracy is 
73% (without corrosion potential) based on 15 results. Examples of these results 
are given in Tables 13.3.2 and 13.3.3. 
Using a fairly simple SVM method thus allows the prediction of the corrosion rate 
range of C1018, 304L, 316L and 2205 in white liquor environments right at least 
three quarters of the time, which was considered to be adequate for such a variable 
dependent outcome as erosion-corrosion rate. Even the incorrect results are 
generally only off by one category, so even incorrect results are not necessarily 
useless. A material classified as unsuitable by the model has negligible chance of 
being acceptable in reality, for example. On the other hand, a material described 





Table 13.3.2: Randomly selected tests that were removed in batches of 5 and 
evaluated with a 30-parameter SVM model trained by the remaining data. 












2205 60 1 7500 10 Long Acceptable Marginal 
304L 60 0.5 6000 1 Short Passive Acceptable 
316L 25 0 6500 0 Short Passive Passive 
316L 60 0 9000 1 Short Acceptable Acceptable 
C1018 90 0 5000 0 Short Unsuitable Unsuitable 
2205 25 0 6500 10 Short Passive Passive 
2205 60 0 1000 1 Short Passive Passive 
304L 25 0 0 0 Short Passive Passive 
304L 90 0 7500 1 Short Acceptable Acceptable 










Table 13.3.3: Randomly selected tests that were removed in batches of 5 and 















2205 60 0 6500 1 Short Passive Passive 
304L 25 0 2500 0 Short Passive Passive 
316L 60 0.5 7500 10 Long Unsuitable Unsuitable 
C1018 25 0 5000 10 Short Passive Passive 
C1018 25 0 0 10 Short Passive Acceptable 
2205 25 0 8000 0 Short Passive Passive 
316L 25 0 6500 1 Short Passive Passive 
316L 90 0 0 1 Short Passive Acceptable 
C1018 60 0 9000 1 Short Unsuitable Unsuitable 
C1018 90 0 9000 1 Short Unsuitable Unsuitable 
 
This method is universal and can be expanded upon by adding to the database or 
refining the admittedly raw set of variables used for the SVM model by introducing 
new variables and removing parameters that do not help much. Adding to the 
database is also a promising prospect, as a database that combines input and 
feedback from the industry with the combined tests performed by the research 
community is likely to have a much greater accuracy (due to better data balance 
and diversity) and range of applicability (due to a wider range of materials and 
environments being included). Improvement of this model can lead to even better 
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understanding of the erosion-corrosion phenomenon and become an important 
tool to support experimental data acquisition for practical purposes, even though it 
is unlikely to replace experiments themselves. 
 
Table 13.3.4: Breakdown of results for each run with the 30-parameter, fully-
independent dataset 
Run Correct Incorrect Accuracy (%) 
1 4 1 80 
2 5 0 100 
3 3 2 60 
4 4 1 80 
5 2 3 40 
6 4 1 80 
7 4 1 80 
8 4 1 80 
9 5 0 100 
10 4 1 80 
11 4 1 80 
12 4 1 80 
13 4 1 80 
14 4 1 80 
15 3 2 60 
204 
 
16 4 1 80 
17 3 2 60 
18 3 2 60 
19 4 1 80 
20 3 2 60 
 
 
Table 13.3.5: Breakdown of results for each run with the 31-parameter dataset, 
including a single dependent variable (Corrosion potential (mV)) 
Run Correct Incorrect Accuracy (%) 
1 3 2 60 
2 4 1 80 
3 4 1 80 
4 4 1 80 
5 5 0 100 
6 5 0 100 
7 3 2 60 
8 4 1 80 
9 5 0 100 
10 5 0 100 
11 3 2 60 





13 3 2 60 
14 4 1 80 
15 4 1 80 
16 3 2 60 
17 4 1 80 
18 4 1 80 
19 3 2 60 
20 4 1 80 
 
13.4 Conclusions 
The methods and results generated in this chapter lead to the following 
conclusions:  
 If sufficient training data is available, a machine learning model can be used 
to predict corrosion or erosion-corrosion behavior of alloys in similar 
environments with reasonable accuracy. 
  A simple 30-parameter SVM model using 369 sets of test data yields a 78% 
average prediction accuracy for a corrosion rate classification method with 
10-fold cross validation. 
 Detaching five tests from the 369-test dataset and using the rest of data to 






 Detaching five tests from the 369-test dataset and using the rest to train a 
model with the previous 30 parameters plus corrosion potential yields an 
average of 78% prediction accuracy but requires a dependent variable to 
be measured. 
 A reasonably accurate prediction model was developed using the dataset 
generated within this work that applies to the tested conditions and related 

















The phenomenon of accelerated metal loss due to a synergistic effect of 
mechanical forces and chemical corrosivity of environment was systematically 
studied in caustic environments (white liquor) in this study. Prior work was 
predominantly done in near-neutral or acidic environments, and without any 
consideration for viscosity effects. The main focus of this study was to understand 
the synergistic effects of viscosity and dimensionless flow variables on the erosion-
corrosion of steels in a high pH environment (white liquor). This scope of this study 
included the role of wall shear stress and hard particles in erosion-corrosion of two 
very different types of alloy classes, i.e. carbon steels and stainless steels. 
Additionally, machine learning model was utilized to develop a correlation between 
alloy, flow, and environment related variables in erosion corrosion phenomenon. 
Results from rotating cylindrical electrode (RCE) tests in alkaline white liquor 
environments showed that the erosion-corrosion rate for active-passive alloys was 
insensitive to rotational speed up to a threshold velocity, after which increasing 
rotational speed led to an increase in corrosion rate, as detailed in Chapters 6 and 
7. This was a theoretically expected outcome, but it was found that the threshold 
velocity varied significantly between different material compositions and 
environments. Analysis of results indicated that the correlation of erosion-corrosion 
data was better with the Reynolds number, which was then introduced as an 
independent variable in characterizing erosion-corrosion tests. Results in Chapter 
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6 revealed that the tested alloys displayed a common trend involving increased 
erosion-corrosion rates after a threshold Reynolds number of approximately 
10000. It was thus determined that, contrary to what was used in previous 
research, the Reynolds number is a more accurate representation of the effect of 
flow on erosion-corrosion than flow velocity itself in the test environment of white 
liquor. The critical Reynolds number range for the rotating cylinder electrode, 
where flow transitions from laminar to turbulent regime, was observed to be 5000-
7000. This number coincided with the point on erosion-corrosion vs. Reynolds 
number curves where insensitivity to Reynolds number ended and a monotonically 
increasing trend started, with the increase being slow up to the threshold Reynolds 
number (approximately 10000) and rapidly increasing after that threshold was 
passed. 
The new discovery of the Reynolds number better representing the effect of flow 
in erosion-corrosion better than flow velocity itself meant that the Reynolds number 
included a factor which affected the erosion-corrosion process, but was neglected 
when flow velocity was used as the independent variable in simulated pulping 
liquors. This factor is viscosity, a mechanical property of the test fluid that is 
included in the Reynolds number and has not been directly explored as a factor 
contributing to erosion-corrosion in previous research. The effect of viscosity on 
erosion-corrosion in white liquor was subsequently tested and it was found that a 
test in white liquor with higher viscosity at the same speed led to a higher corrosion 
rate compared to the base solution in spite of lowering the Reynolds number (see 
Chapters 9 and 10 for detailed discussions). The crucial factor for erosion-
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corrosion of steels in white liquor was thus predicted as the wall shear stress, as 
this factor increases with higher speed at the same viscosity and with higher 
viscosity at the same speed. This prediction was put to the test and the results 
confirmed that erosion-corrosion rate for the tested materials and environments 
displayed a simple linear relationship with the wall shear stress in both laminar and 
turbulent flow regimes, as seen in Chapter 12. Turbulent flow causes an effectively 
higher viscosity in theory, leading to further increase in wall shear stress over 
laminar flow at the same speed. This provided an explanation why turbulent flow 
was more sensitive to wall shear stress than laminar flow. 
Having established viscosity as a major factor affecting the erosion-corrosion 
process, the interaction between erosive particles and shear stress was explored 
for the first time, in Chapter 8 and 9. It was found that a combination of erosive 
particles and high shear caused a significantly higher corrosion rate than either 
component by itself. Even the sum of the effects of both individual components 
was much lower than the observed corrosion rate, particularly at high Reynolds 
numbers. This result revealed a synergistic relationship between shear and 
presence of erosive particles in the alkaline environment. It was found that this 
effect could also cause different corrosion modes in certain situations; for example, 
at high shear and high velocity conditions with particles added to the solution, 
duplex stainless steel 2205 showed preferential dissolution of ferrite within the 




Additionally, the effect of particle concentration and size on the erosion-corrosion 
rate were systematically studied and it was concluded that even relatively small 
concentrations of particles (1 g/L or more) were enough to activate the erosion-
corrosion mechanism and increase overall rate of material loss as long as the 
particles were large enough to bring sufficient impact energy to bear. Further 
increase in particle concentration did not cause further increase in the erosion-
corrosion rate for the tested range of particles. Smaller particles have lower energy 
on impact with the same angle of attack as larger particles, due to the same 
velocity being forced upon the surface by a motor, and both the erosion-corrosion 
rate and visible surface damage were reduced to almost imperceptible levels when 
1000-micron particles were substituted for 50-micron particles. This effect is shown 
in Chapter 8. It was also determined that the effect of adding hard particles was 
strongest at higher Reynolds numbers, supporting the conclusion that they were 
involved in erosive phenomena within the erosion-corrosion mechanism. 
Finally, the entire dataset generated for erosion-corrosion tests of steels in a white 
liquor-based environment was compiled and used to create a simple machine 
learning model using the support vector machine (SVM) method using 30 
independent variables that did not require experimental knowledge, as described 
in Chapter 13. This dynamic model was able to guess the erosion-corrosion 
performance of a similar material in a similar environment as passive, acceptable, 
marginal or unsuitable with 75-80% accuracy, which is open to improvement by 
feature selection (changing the variables involved) or expansion of the dataset. As 
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an example, adding the corrosion potential as an additional parameter (which does 
require experimental data) increased the accuracy by approximately 4%. 
 
Other generalized conclusions that could be drawn from the results generated 
during the preparation of this work include: 
 Addition of hard particles to pulping liquor forces a delay before repassivation 
of stainless steels occurs in a scratch test which increases as the rotational 
speed increases. Therefore, erosive-corrosive conditions inhibit repassivation 
proportionally to the flow velocity. 
 In the tested range, temperature causes an increase in “base” corrosion rate 
without effect of erosion, but the corrosion rate trend with respect to Reynolds 
number does not change. Once the initial region with the higher erosion-
corrosion rate hits the original S-shaped curve, it starts to follow that curve, and 
once this happens, corrosion rate is controlled by the Reynolds number more 
than the temperature in the range of 25-90oC. 
 Higher temperature lowers the viscosity of a fluid and thus increases the 
Reynolds number. This can indirectly lead to higher corrosion rates even at the 
same flow speed. 
 Agar (vegan gelatin) is inert in the tested environment (white liquor) and 
temperature range, and is a valid way to vary viscosity of white liquor without 
changing chemical properties that pertain to erosion-corrosion. Agar addition 
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causes shear-thinning behavior in white liquor and relatively small amounts can 
change the viscosity over several orders of magnitude. 
 The erosion-corrosion process is not controlled by mass transfer within the 
tested conditions in white liquor. This means that the process is not under 
concentration polarization control (i.e. the transport of reactants to the surface 
and evacuation of products from the surface is not the limiting step) and is 
activation controlled. This has to important implications: First, the limiting step 
must therefore be charge transfer. Second, and more importantly, the linear 
polarization resistance method, which was used to gather data concerning the 
electrochemical corrosion rate and includes an inherent assumption of 
activation control, is valid for use within the scope of this study. This is because 















Results from the present study have answered many questions about the erosion-
corrosion phenomenon, but has also led to many new questions which could not 
be addressed in this study. Listed below are some of the suggestions for future 
work to address these questions. 
 There is a need to characterize passive films and relate their mechanical and 
chemical properties to the erosion-corrosion behavior of alloys. Effect of 
environmental factors like pH, temperature of chemical constituents on 
properties of passive film formed on a specific alloy may explain the differences 
in erosion corrosion behavior of different classes of alloys. Techniques like XPS 
could be used to observe the effects of changes in viscosity and particle loading 
on the composition of the passive film.  
 Create a computational fluid dynamics model using first principles to more 
accurately approximate the turbulent flow farther away from the surface and 
predict vortex formations and other fluid mechanical phenomena that might 
affect local corrosion rate. 
 Other experimental improvements that could be made to the system studied 
include the following: 
 Introduce a clear caustic liquid (as opposed to white liquor, which turns 
murky and foamy as rotational speed is increased) as an erosion-
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corrosion test bed and utilize a high speed camera or similar advanced 
imaging system to capture particle impacts and estimate average chance 
of damage for the impacts at a certain flow velocity and fixed environment 
conditions 
 Test for erosion-corrosion at particle concentrations below 1 g/L in order 
to find the critical particle concentration where erosion-corrosion rate 
starts to deviate from pure corrosion rate.  
 Use higher speed and higher-powered motors to confirm that corrosion 
rate at very high Reynolds numbers remains almost constant 
 Build a flow loop with a flat sample to test for erosion-corrosion directly under 
pipe flow and impingement conditions rather than utilizing hydrodynamic 
similarity by use of RCE method. 
 Expand and test the predictive model with different materials and 
environments. Form a database of erosion-corrosion test results from the entire 
research community to make the machine-learning model applicable in a wider 
range of situations. 
 A torque sensor on the rotating cylinder electrode can provide data about 
turbulent shear stress without calculating it. This would make turbulent wall 







ADDITIONAL PROFILOMETRIC DATA IN EROSION-CORROSION TESTS 
 
A.1 Three-dimensional image simulations (all samples exposed to white 
liquor with the noted conditions) 
 
 






























































































































































































































































































Figure A.2.10: Abbottt curve for 2205-60oC-10 g/L alumina (1 mm)-1wt.% agar-












MATLAB CODE FOR PREDICTIVE MODEL 











cp = classperf(labelsVec); 
for i = 1:10 
    indices = 
crossvalind('Kfold',labelsVec,10); 
    test = (indices == i); train = ~test; 
    trainData=parameters(train,:); 
    trainLabel=labelsVec(train,:)'; 
    testData=parameters(test,:); 
    
result=multisvm(trainData,trainLabel,testData); 





To change the cross validation number, the upper limit for the counting variable i 
and the number of indices to be assigned (rightmost value on the following line) 












































SELECTED EDS DATA 
 
This set of EDS data is intended to demonstrate the background of the detection 
of selective dissolution of ferrite when 2205 DSS is exposed to white liquor with 1 
wt.% agar at 60oC and 10 g/L alumina at 7500 rpm for 100 hours. Six examples 
of spectra in the heavily corroded and less severely corroded regions are included 
and the compositions indicate that ferrite was attacked, as evident by the higher 
Mn and Ni within the intact phase and contents of Mo and lower Ni in the attacked 
phase. Two spectra from a pristine sample, i.e. one that has not been exposed to 
white liquor, are also included, which show similar compositions which conform to 
the material’s overall composition. 
 
Pages 244-256: 
Figure C.1: EDS scans on selectively-attacked 2205 DSS after exposure to white 
liquor containing 10 g/L alumina and 1 wt% agar for 100 hours 
 
Pages 257-259: 















2205-4 Selective Dissolution 
Spectrum processing :  
No peaks omitted 
 
Processing option : All elements analyzed (Normalised) 
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Number of iterations = 3 
 
Standard : 
Si    SiO2   1-Jun-1999 12:00 AM 
Cr    Cr   1-Jun-1999 12:00 AM 
Mn    Mn   1-Jun-1999 12:00 AM 
Fe    Fe   1-Jun-1999 12:00 AM 
Ni    Ni   1-Jun-1999 12:00 AM 
Mo    Mo   1-Jun-1999 12:00 AM 
 
Element Weight% Atomic%  
         
Si K 0.41 0.82  
Cr K 21.87 23.41  
Mn K 2.12 2.15  
Fe K 66.44 66.19  
Ni K 5.76 5.46  
Mo L 3.39 1.97  
    







Spectrum processing :  
No peaks omitted 
 
Processing option : All elements analyzed (Normalised) 
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Number of iterations = 3 
 
Standard : 
Si    SiO2   1-Jun-1999 12:00 AM 
Cr    Cr   1-Jun-1999 12:00 AM 
Mn    Mn   1-Jun-1999 12:00 AM 
Fe    Fe   1-Jun-1999 12:00 AM 
Ni    Ni   1-Jun-1999 12:00 AM 
Mo    Mo   1-Jun-1999 12:00 AM 
 
Element Weight% Atomic%  
         
Si K 0.71 1.41  
Cr K 24.83 26.58  
Mn K 1.84 1.87  
Fe K 64.20 63.99  
Ni K 3.44 3.26  
Mo L 4.98 2.89  
    







Spectrum processing :  
No peaks omitted 
 
Processing option : All elements analyzed (Normalised) 
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Number of iterations = 2 
 
Standard : 
Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 
Cr    Cr   1-Jun-1999 12:00 AM 
Mn    Mn   1-Jun-1999 12:00 AM 
Fe    Fe   1-Jun-1999 12:00 AM 
Ni    Ni   1-Jun-1999 12:00 AM 
 
Element Weight% Atomic%  
         
Si K 0.47 0.92  
S K 0.83 1.40  
Cr K 22.12 23.18  
Mn K 2.09 2.07  
Fe K 69.27 67.58  
Ni K 5.22 4.85  
    







Spectrum processing :  
No peaks omitted 
 
Processing option : All elements analyzed (Normalised) 
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Number of iterations = 3 
 
Standard : 
Si    SiO2   1-Jun-1999 12:00 AM 
Cr    Cr   1-Jun-1999 12:00 AM 
Mn    Mn   1-Jun-1999 12:00 AM 
Fe    Fe   1-Jun-1999 12:00 AM 
Ni    Ni   1-Jun-1999 12:00 AM 
Mo    Mo   1-Jun-1999 12:00 AM 
 
Element Weight% Atomic%  
         
Si K 0.55 1.10  
Cr K 25.04 26.86  
Mn K 1.55 1.57  
Fe K 64.29 64.19  
Ni K 3.52 3.34  
Mo L 5.05 2.93  
    







Spectrum processing :  
No peaks omitted 
 
Processing option : All elements analyzed (Normalised) 
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Number of iterations = 3 
 
Standard : 
Si    SiO2   1-Jun-1999 12:00 AM 
Cr    Cr   1-Jun-1999 12:00 AM 
Mn    Mn   1-Jun-1999 12:00 AM 
Fe    Fe   1-Jun-1999 12:00 AM 
Ni    Ni   1-Jun-1999 12:00 AM 
Mo    Mo   1-Jun-1999 12:00 AM 
 
Element Weight% Atomic%  
         
Si K 0.30 0.60  
Cr K 21.71 23.22  
Mn K 1.93 1.95  
Fe K 67.61 67.31  
Ni K 5.52 5.22  
Mo L 2.93 1.70  
    







Spectrum processing :  
No peaks omitted 
 
Processing option : All elements analyzed (Normalised) 
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Number of iterations = 3 
 
Standard : 
Si    SiO2   1-Jun-1999 12:00 AM 
Cr    Cr   1-Jun-1999 12:00 AM 
Mn    Mn   1-Jun-1999 12:00 AM 
Fe    Fe   1-Jun-1999 12:00 AM 
Ni    Ni   1-Jun-1999 12:00 AM 
Mo    Mo   1-Jun-1999 12:00 AM 
 
Element Weight% Atomic%  
         
Si K 0.65 1.28  
Cr K 24.89 26.62  
Mn K 1.83 1.85  
Fe K 64.72 64.45  
Ni K 3.29 3.12  
Mo L 4.63 2.68  
    





Project Notes: Pristine 2205 sample 
 
Spectrum processing :  
No peaks omitted 
 
Processing option : All elements analyzed (Normalised) 
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Number of iterations = 3 
 
Standard : 
Si    SiO2   1-Jun-1999 12:00 AM 
Cr    Cr   1-Jun-1999 12:00 AM 
Mn    Mn   1-Jun-1999 12:00 AM 
Fe    Fe   1-Jun-1999 12:00 AM 
Ni    Ni   1-Jun-1999 12:00 AM 
Mo    Mo   1-Jun-1999 12:00 AM 
 
Element Weight% Atomic%  
         
Si K 0.44 0.87  
Cr K 22.84 24.42  
Mn K 1.81 1.83  
Fe K 66.48 66.18  
Ni K 4.93 4.67  
Mo L 3.50 2.03  
    























Spectrum processing :  
No peaks omitted 
 



















Number of iterations = 3 
 
Standard : 
Si    SiO2   1-Jun-1999 12:00 AM 
Cr    Cr   1-Jun-1999 12:00 AM 
Mn    Mn   1-Jun-1999 12:00 AM 
Fe    Fe   1-Jun-1999 12:00 AM 
Ni    Ni   1-Jun-1999 12:00 AM 
Mo    Mo   1-Jun-1999 12:00 AM 
 
Element Weight% Atomic%  
         
Si K 0.51 1.01  
Cr K 22.50 24.09  
Mn K 2.18 2.21  
Fe K 65.73 65.52  
Ni K 5.16 4.89  
Mo L 3.93 2.28  
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